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ABSTRACT
Uranium(IV) forms nine-coordinate complexes with some fi- 
diketones and a monodentate substrate, e.g., U(TTA)4 .pyridine. 
This thesis describes the formation of the nine-coordinate 
complexes in non aqueous solvents using 25 different substrates 
S (where S may have nitrogen or oxygen donor atoms or both) and 
thenoyltrifluoroacetonate(TTA) as the 8-diketone. Both
electronic and nmr spectroscopy are used to investigate the 
systems.
It has been shown that the the equilibrium constant (K) for 
the reaction in non-aqueous solvents 
U(TTA)4 + S ^ > U(TTA)4 .S
can be measured by a u.v./visible spectrophotometric method 
(benzene solvent) with good reliability. The value of log10K is 
shown (i) to decrease with decrease in the basicity of the 
substrate S and (ii) to decrease with increased steric hindrance 
at the substrate donor atom. In suitable circumstances both 
nitrogen and oxygen donor substrates gave relatively high values 
of K. It was shown that U(TTA) 4 is eight-coordinate in benzene 
but nine-coordinate in acetone.
1H nmr spectra of the substrates in the presence of U(TTA)4 were 
little broadened and shifted by what is thought to be a 
pseudocontact shift mechanism. The values of the shifts 
obtained at various S concentrations clearly demonstrate which 
substrate atom is coordinated to uranium(IV). For example, with 
substrate such as 4-aminoantipyrine the carboxyl oxygen atom
rather than the amino group nitrogen atom is coordinated. There 
was no evidence that a ligand S could coordinate in a bidentate 
fashion and U(TTA)4 .S appears to be always nine-coordinate. In 
addition, the nmr data were used to find K and AB (the bound 
chemical shift) for some substrates : The values of K were less
reliable than those found from electronic spectroscopy, for a 
given substrate each independent hydrogen atom has an individual 
value of AB and ratios of them were used to illustrate the 
relative importance of contact and pseudocontact shifts but with 
inconclusive results. However, these ratios clearly confirm 
that the correct coordinating donor atom had been found.
Experiments in acetone and benzene show in general that K is 
greater for a given substrate in benzene. The value of K for 
S=H20 was found in acetone and (surprisingly) appears to have a 
smaller value in benzene.
Preliminary experiments on the oxidation of uranium(IV) in non- 
aqueous solvents were performed in order to find the ideal 
conditions for spectroscopic experiments. Rapid manipulation of 
the reactants in air was shown to be a suitable method rather 
than the use of nitrogen lines and boxes which have little 
advantage and are time-consuming.
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CHAPTER 1 : INTRODUCTION
1.1. General Introduction
1.2. Some Important Compounds Of Uranium(IV)
1.3. Uranium(IV) Complexes
1.4. Aims Of The Present Work
1.5. References
i . i .  Genera!Introduction
The existence of a lanthanide-like series in the seventh row of 
the periodic table was suggested in 192611). Until 1940, only 
the first four elements (actinium, thorium, protactinium, and 
uranium) were known (2 ) , and it was not until the first 
transuranium element, neptunium, had been discovered that this 
suggestion was universally accepted.
The five elements thorium(Z=9 0) to plutonium(Z=94) lie in 
corresponding positions just below the sixth period transition 
elements hafnium(Z=72) to osmium(Z=76), in which the 5d shell is 
being filled. Unlike thorium and protactinium(Z=91) which to 
some extent resemble in their chemical properties the first two 
members (72Hf, 73Ta) in the 5d transition series and the first
two members(4QZr, 41Nb) in the 4d transition series, plutonium 
and neptunium(Z=93) show little or no resemblance to Re(Z=75) 
and Os(Z=76) or to Tc(Z=43) and Ru(Z=44) which made it certain 
that the transition in the elements of this series does not 
involve simple filling of the 6d shell.
The similarity of the chemical properties of neptunium and 
plutonium to those of uranium and (in the tetravalent state) 
thorium has provided strong evidence that the 5f shell is being 
filled and this series of elements, which is called the 
actinide(actinoid) series ,is another lanthanide-like series 
similar to the lanthanide series Ce(Z=58)-Lu(Z=71) in which the 
4f shell is being f i l l e d .
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Table(1-1) shows a list of the actinide elements, the 
lanthanide elements and their electronic structure(4).
Table fl-I)
The Actinide and Lanthanide Elements 
and their outer electronic structure
Sym­ Electronic Sym­ Electronic
z bol Name structure Z bol Name structure
89 Ac Actinium 6d7s2 57 La Lanthanum 5d6s2
90 Th Thorium 6d 7s 58 Ce Cerium 4f15dJ-6s2
91 Pa Protactinium 5f^6d7s^ 
or5f 6d 7s
59 Pr Praseodymium 4f36s
92
93
94
U
Np
Pu
Uranium
Neptunium
Plutonium
5f 6d7s
5f67S25f^7s2
60
61
62
Nd
Pm
Sm
Neodymium
Promethium
Samarium
4ff 6s2
4f66S24f®6s2
95
96
Am
Cm
Americium
Curium 5f77S 2 5f'6d7s2
63
64
Eu
Gd
Europium
Gadolinium 4f76S 2 4f^5d6s
97 Bk Berkelium 5f 6d7s 65 Tb Terbium 4f 6s
98
99
Cf
Es
or5f^7s 
Californium 5f--°7s^ 
Einsteinium 5f 7s“
66
67
Dy
Ho
Dysprosium
Holmium
4fl06s2
4 f^o6So
100 Fm Fermium 5 ft^7So 68 Er Erbium 4f ^ 6 s 2
101 Md Mendelevium 5 f ^ 7 s 2 69 Tm Thulium 4 f lA6S?102 No Nobelium 5 f ^ 7 s 2 70 Yb Ytterbium 4fl46s2
103 Lr Lawrencium 5f 6d7s 71 Lu Lutetium 4f 5d7s
The electronic structures of the actinides(above) were 
determined from the spectra of the gas-phase atoms and although 
there are some irregularities it is clear that the filling of 
the 5f shell begins at 91Pa. There is ample evidence(chapter 2) 
from solution electronic spectra that the 5f-shell is partially 
filled in many of the known ions of the actinide series.
The redox chemistry of actinide elements is very complicated^) 
and differs considerably from that of the lanthanide elements 
although many of the chemical and physical properties of these 
two series are closely parallel in a given oxidation state. The 
oxidation states of the actinide elements and the lanthanide
-3-
elementg are given- in Table (l-II) where the most stable state 
is marked for each element.
Table fl-II)
Oxidation States of The Actinides and Lanthanides
89 90 91 92 93 94 95 96 97 98 99 100 101 102 103
Ac Th Pa U Np Pu Am Cm Bk Cf Es Fm Md No Lr
(2) (2) (2) (2) (2) 2 2
3 (3) (3) 3 3 3 3 3 3 3 3 3 3 3 3
4 4 4 4 4 4 4 4 (4)
5 5 5 5 5 5 5
6 6 6 6
7 7
57 58 59 60 61 62 63 64 65 66 67 68 69 70 71
La Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho Er Tm Yb Lu
(2) (2) (2) (2) (2) 2 2 (2) (2) (2) (2) (2) (2) 2 (2)
3 3 3 3 3 3 3 3 3 3 3 3 3 3 3
4 (4) (4)
(The most stable oxidation states are in bold figures, 
those not known in solution are within parentheses.)
This Table shows that the most stable oxidation state for the 
lanthanides is the trivalent one. This corresponds in every case 
to the removal of the 6s2 pair and either a 5d or a 4f electron 
from the configuration of the gaseous atom. The idealised 
ionisation to give the trivalent ions would be the removal of 
5d16s2 electrons leaving the 4f shell intact and stable (well 
separated in energy from 5d and 6s) . The most stable oxidation 
states for thorium, protactinium, uranium, neptunium and 
plutonium are 4,5,6,5 and 4, respectively( .  The trivalent 
state becomes the most stable at americium. It would appear that 
the ionisation energies for the early actinides are smaller than 
those for the early lanthanides giving rise to higher oxidation 
states through the removal of the f electrons.
—4 —
The difference in energy between 5f and 6d orbitals is very 
small, and the presence of the 6d electrons in the actinides is 
more common than 5d electrons in the lanthanides; all of the 
early actinides to uranium have one or more 6d electrons in
their ground state configuration, while the difference in the 
energy levels between 4f and 5d is greater which makes the 
lanthanide 4f electron configuration less sensitive to chemical 
environment than 5f is for the actinides.
Uranium, the fourth element in the actinide series and the
heaviest to occur in nature in recoverable amounts, was 
discovered in pitchblende ores of Saxony by M.H.Klaproth in 1789 
and named after the planet Uranus. The radioactive nature of 
uranium was discovered in 1896 by H.Becquerel. Until 1938 the 
only industrial application of uranium was as a colouring
material in the manufacture of yellow glass . However the
discovery of nuclear fission by Hahn and Strassmann in 1 9 3 8  
created a new interest in the element uranium and its compounds 
which has grown rapidly since that time.
Natural uranium, which is a mixture of three isotopes [Table (1- 
III)], does not require extreme precautions in handling as with 
the other actinides ( except thorium). Enriched uranium, i.e. 
uranium containing more of the fissile and a-active 235U, must, 
however be handled more carefully.
As illustrated in Tables (1-1) and (l-II) , uranium has the 
electronic configuration {Rn)5f36d7s2 and exhibits four
—5—
oxidation states in solution. The most stable oxidation state 
is U (VI) which involves the loss of 5f36d7s2 electrons and 
usually presents as U022+ and gives bright yellow solutions, 
while the oxidation state U(IV) involves the loss of one 5f 
electron and the 6d7s2 electrons. It forms the U4+ ion and gives 
solutions of a deep-green colour. U(IV) is stable in water but 
is slowly oxidized by air to U (VI) (chapter 3). U (V) , as U02+ / 
is prone to disproportionation to U(IV) and U (VI) and is most 
stable at pH 2-4 The colour of this ion in aqueous solution
is not known. The lowest oxidation state known of uranium, 
U (III), is formed by the loss of 6d7s2 electrons. It is oxidized 
slowly by water, even in the absence of oxygen , and rapidly by 
air to U (IV) and gives solutions of a rose-purple colour.
Table fl-III)
Natural Occurring Isotopes of Uranium
Isotope,mass Atomic percentage Half-life,years
238 99.276 ± 0.0005 4.51x10“*
235 0.718 ± 0.0005 7.09x10°
234 0.0056± 0.0001 2.35x10
—6—
1 . 2 . Some Important Compounds Of Uranium (IV)
Since this thesis is mainly concerned with uranium(IV) 
chemistry, a selection of uranium(IV) compounds will be 
described to illustrate the general chemistry of the oxidation 
state. The coordination number about the uranium atom will be 
stressed.
Because of the great importance of uranium dioxide (U02) in
nuclear technology as a reactor fuel^10'11) and the complexity 
of the uranium-oxygen system, many studies of this system have 
been made over a wide range of temperature. Uranium dioxide is a 
brown-black powder and highly n o nstoichiometric. It can be 
prepared by calcining uranyl nitrate or ADU [ammonium diuranate 
(NH4)2U207] at about 450°C, followed by reduction at 650^
800°c(8). Then this powder undergoes a cold pressing under a 
compacting pressure of about 2 .8ton/cm2 and then sintered to 
high densities under nitrogen or hydrogen at temperatures of
1400-1700 °C, and to ensure an optimum stoichiometry of the 
product a final hydrogen soaking is applied.
Uranium dioxide can also be prepared by electrolysis of a 
uranyl chloride solution in a molten salt bath. The reaction 
can be described as follows;
U022+ + 2e -----► U0 2 (cathode)
2C1”  ► Cl2 + 2e (anode)
A mixture of NaCl/KCl was first used as a salt bath ^ 12  ^ at a 
temperature of 675-700°C, but due to decomposition of uranyl
-7-
chloride other salt mixtures, like K C l / P b C l g o r  KCl/LiCl 
at temperatures of 450-5000C were used. • •
Uranium dioxide is not thermodynamically stable in contact with 
oxygen. At 1 atmosphere pressure U02 can be oxidized to UO3 at 
temperatures below 500°C and to U308 at temperature above 
500°c(8).
At temperatures of 500-700°C, uranium dioxide reacts with 
hydrogen fluoride to give UF4 according to the equilibrium 
U02 + 4HF(g) ^ UF4 + 2H20 (g)
The rate of dissolution of U02 in HBr, HCl, H2S04 and HNO3 at 
room temperature is low, but it is more rapid in a mixture of 
HNO3 and HF with heat ^ .
Uranium dioxide forms a series of solid solutions with many 
metal oxides, such as zirconium, thorium, niobium and 
lanthanides. Some of these systems were studied quite 
extensively, particularly Th02 -U02 because of its importance in 
the thermal breeder reactor(11/15/16/17).
Figure(1-1) shows the unit cell of the 250C face-centered cubic 
fluorite structure of U02 which contains four molecules of U02. 
The structure is complex but in general 8 oxygen atoms are 
the nearest neighbours to U.
The second uranium(IV) compound to be discussed in this section 
is uranium(IV) borohydride, U (BH4)4. This compound is one of 
the few volatile inorganic uranium compounds and its dark-green
-8-
crystals can be obtained by the reaction of aluminium
borohydride with uranium(IV) fluoride(18) as follows :
UF4 + 2A1(BH4 )3  ► U(BH4 )4 + 2A1(BH4 )F2
Figure(l-II) shows the molecular structure of this compound
which was obtained from optical and magnetic resonance spectra 
of a matrix of Hf(BH4)4 (19). The unit cell of U(BH4 )4 is shown 
in Figure(l-III)(2 . The B atoms are arranged as a tetrahedron 
around U(IV) and 12 hydrogen atoms (3 from each BH4 group) are
the nearest neighbours to U(IV).
Uranium(IV) borohydride is readily decomposed by oxygen or
moisture but stable in vacuum or an inert-gas atmosphere.
Fig (1-1) Unit Cell of U02 
(Ref. 7)
—9 —
Fig (l-II) Structure of the U(BH4)4 molecule. 
Uncoordinated hydrogen, 
Ht=terminal hydrogen atoms.(Ref.19)
. , $ u
^  j  j B bridges
/ Terminol B 010ms
Fig (l-III) Unit 311 of U(BH4)4 .
(Re/ 0)
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Uranium monocarbide (UC), is a useful fuel for high-temperature 
reactors(2 1 f2 2). There are several methods to prepare this 
compound and some of them are listed in Table (1-IV) . The
first time this compound was prepared was in 1896 by the reaction 
of U30g with carbon in an electric furnace. The crystal structure 
of UC shows that it is a face-centered cubic compound of the 
NaCl-type with 6 carbon atoms surrounding each uranium atom.
Table (1-IV)
Selected methods of preparation of uranium monocarbide
Method Reaction Remarks
Sintering U + xC ---► UCx in vacuo or inert
gas at 1800-2000°C
Excess U + C(as wax)---► wax applied in
UC coating on U solvent prior to
sintering
Gas-solid u + ch4 -- — ► UC + 2H2 in closed chamber
reaction at h atm at 650-
700 ° C
Induction U + C ---► UC used to prepare
melting master alloy for arc
melting
Arc melt­ U + C -— ► UC used to prepare
ing buttons for arc
casting
It was observed from the study of the magnetic properties and 
chemical bonding of UP2 that the oxidation state of the uranium 
in this compound is four. This compound has a tetragonal 
structure and can be prepared by heating uranium and red 
phosphorus at 400°C in vacuum then homogenizing the product at 
800°C for a week^23^.
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The oxidation state of the uranium in uranium nitrides, such as 
UN, U2N3 and UN2, is not well defined. The chemical bonding in 
these compounds is not completely ionic which gives the 
compounds metallic nature. For example, uranium in uranium 
mononitride which has mixed bonding, has a mean valency between 
4 and 6 .
Uranium disulphide US2, can be obtained in three different 
forms(24): (1) the low-temperature form, 7-US2, which can be
formed as a surface layer on uranium metal by the reaction of 
H2S at about 400 °C and may be prepared in mass by the reaction 
of U 3S2 with sulphur at about 400°C^8  ^. (2) S-US2 is stable at
about 425°C and can be prepared either by the reaction of UC14 
with H2S at 600°C or by uranium with H.2S at 800-900°C. (3) the
high-temperature form, a-US2, which is prepared by the reaction 
of U02 or U 30g with H2S at a high temperature(1000-1350°C) . 
According to Gronvold et a l , a-US2 has a tetragonal 
structure and the composition of the phase extends from .BO 
to US^ 9g and the coordination number of the uranium varies 
between 6 and 8 . While B-US2 has an orthorhombic structure with 
each uranium atom coordinated to 9 sulphur atoms, they(2 4) did 
not confirm the formation of 7-US2 .
Uranium oxysulphide, UOS, is another compound of uranium(IV) and 
can be prepared by passing H2S over U02 at about 10000C or by 
the reaction of U02 and US2 at about 1350°C in vacuum. It has a 
hexagonal crystal structure (PbFCl-type) where the coordination 
number of uranium is 8 .
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Uranium tetrafluoride UF^ is one of the most important uranium 
compounds because of its use in the preparation of the uranium 
metal. UF4 is a green salt for which a crystal structure 
determination showed that each uranium atom is surrounded by 
eight fluorine atoms arranged in slightly distorted antiprismic 
configuration. UF4 can be prepared either by precipitation from 
aqueous s o l u t i o n , or by high-temperature anhydrous reaction 
where U02 is converted to UF4 according to the reaction(27) :
U02 + 4HF 5500 C „ UF4 + 2H20
It can also be obtained by the decomposition of the double salt 
NH4UF5 which is produced by reacting uranium dioxide with NH4HF2 
at 150°C for about 8h^28^. Another method of producing UF4 is 
by reacting U03 with CC12F2 at about 400°c(29), or with CHC12F 
at 650°c(30).
Uranium tetrafluoride is an unreactive compound, non-volatile, 
non-hygroscopic solid. It is highly insoluble in water but it 
hydrolyses readily at high temperatures according to the 
reaction:
UF4 + 2H20 v U02 + 4HF
It can be reduced to UF3 by hydrogen or uranium metal at 
about 1000°C.
Uranium tetrachloride can be obtained as dark-green crystals and 
has a tetragonal structure. Each metal ion is coordinated to 8 
chlorine atoms, with four chlorines at a significantly smaller 
distance than the remaining four. A mixture of uranium 
chlorides is usually obtained by direct combination of uranium 
with chlorine, thus it is not a useful method to prepare pure
—13 —
uci4. This compound can be obtained by converting U02 with a 
powerful halogénation reagent like CCl4 according . to the 
reaction(3^ :
U02 + CC14 5500 C rUCl1 + C02
and also can be prepared by heating uranium pentachloride in 
vacuum or in inert gas at 150oC, or by reducing it in hydrogen at 
about 350°C.
Uranium tetrachloride is readily hydrolysed to uranium(IV) 
oxychloride U0C12 . It is very reactive to water vapour and 
dissolves easily in water. It is soluble in polar solvents and 
oxidizes in air to give different uranium compounds at different 
temperatures.
Uranium tetrabromide(UBr4) and tetraiodide(UI4) are usually 
prepared by direct combination of uranium metal with bromine or 
iodine(32'33). Uranium tetrabromide can also be prepared by 
heating U03 at 165°C with carbon tetrabromide CBr4 .
UBr4 is a brown substance which is soluble in water and in 
organic liquids, while UI4 is a black substance and also highly 
soluble in water.
There are some mixed uranium(IV) halides known, such as 
UCl2Br2, UCl3Br, and UCl2BrI. Most of these compounds are black, 
dark-green, or dark-brown solids and are very sensitive to 
moisture and air.
Uranium(IV) oxyhalides, U0C12 and U0Br2 can be prepared from 
uranium tetrahalides UX4 in evacuated tubes at 400°c(34) 
according to the reaction:
— 14 —
3UX4 + Sb203  ----► 3UOX2 + 2SbX3
where X= Cl, Br.
Uranium oxychloride can also be prepared by heating equimolar 
quantities of U02 and UC14 together at 700 °C in an argon
atmosphere(3 5). This compound has an orthorhombic crystal
structure(34), and dissolves easily in water to give a green
solution.
1.3. Uranium(IV) Complexes
Because of the importance of complex formation for uranium(IV), 
the behaviour of the U (IV) ion in solution has been studied.
U4+ may occur in aqueous solutions and large numbers of solid
compounds have been prepared from these solutions. Uranium(IV) 
ions are hydrolysed extensively and easily oxidized to
uranium(VI) in air(see chapter 3) . In spite of the extensive
hydrolysis uranium(IV) undergoes, the existence of unhydrolysed 
species of U4+ has been noticed and proved by dissolving UC14 in 
water and measuring the concentration of the hydrogen ion which 
indicated the presence of [U(H20)g]4+ in the solution. Betts and 
Leigh(36) have studied the partition between water and 
thenoyltrifluoroacetone(HTTA) and found that the predominant 
species of U(IV) in the aqueous phase(perchloric acid) was
hydrated U4+. The concentration of perchloric acid was constant
at 1.99M during this experiment.
Uranium(IV) solutions can be prepared by the reduction of uranyl 
salts or by dissolving uranium(IV) salts in water. Table(1-V)
—15 —
illustrates some of the uranium(IV) salts obtained from aqueous 
solutions.
Water has a great tendency to coordinate with the U4+ ion; thus, 
in aqueous solutions of U(IV) acid substituents can be displaced 
by water molecules as in perchloric acid solution of uranium(IV) 
where U4+ ions are hydrated with 8 molecules of water, 
[U(H20)8]4+.
Complex formation of U(IV) in solution has been studied with 
various types of ligands. Ahrland and L a r s o n h a v e  studied 
the complex formation of U(IV) with Cl”, Br”, and CNS ions 
and found that the complex species formed were: UC13+, UBr3+,
U(CNS)3+, U(CNS)22+, and possibly U(CNS)3+ with complex 
formation constants 2(B), 1.5(B), 31(Bl), 90(B2), and 150(B3)
respectively. .
Table(1-V)
Uranium(IV) salts obtained from aqueous solutions.
Sulphates U(S04 )2 .xH20; x= 0,2,4,5,6 ,8 ,9 
U0S04 .xH20; x = 0,1/3,3 1/3
Sulphite u(so3)2
Phosphate U(HP04 )2 .xH20; x = 0,4,6
Formate U (HCOO)4
Acetate U(CH3COO)4
Oxalates U (C2 0 4 )2 * xH2 0 ; x= 0 ,1 ,2 , 6
Silicate USi04 (=mineral coffinite)
At least two complex species: US042+ and U(S04 ) 2 with overall
formation constants 130 and 1380 respectively have been found in
—16“
sulphuric acid solution by Betts and Leigh(3 during their 
study of the distribution of U4+ between sulphuric acid 
solutions and benzene solutions of thenoyltrifluoroacetone.
Day et al^38) have studied the complex formation of U4+ with 
CNS” , Cl”, HS04” and F~. The complex species with the formation 
constants are listed in Table(1-VI).
Grinberg et al(39) and Zakharova and Moskvin^40) have studied 
the complex formation of U (IV) with oxalate ions. The complex 
species formed were uc2°4 2+' U(C204 )21 U(C204 ) 3 2 , and
U(C204)44” where uranium(IV) has a coordination number 8 (41).
Tablef1-VI)
Complex formation constants(K) of U(IV) with 
chloride, thiocyanate, and sulphate ions' '.
K
Reaction
10°C 25 °C 40°C
u4+ + Cl” -
u4+ + 2C1”
u4+ + CNS"
u4+ + 2 CNS
u4+ + hso4
u4+ + 2HSO
u4+ + HF •
u4+ + 2HF ■
UC13+ 3.3 1 . 2 1 0.91 rnoFclm3
uci92+ - i.i4 o.8o(mor1d m 3)^
j Q
- ucns3+ 60.0 3i.oo 2 0. oo mol dm
-► U(S04 )2 + 2H+
1 . 2 1
- 1.14
 1 00
2 0 0 . 0 130.00
430.0 330.00
930.0 740.00
u(cns)22+   95.oo(mol à m 3^
US042+ + H+   240.00
UF3+ + H+ ~1 0 6
UF22+ + 2H+ =108
Large numbers of uranium(IV) compounds with organic ligands have 
been reported where U(IV) ions have coordination numbers mainly 
varying between 6 and g (42-53) # In fact 7 8 -coordination is the
most common for U(IV) due to its large ionic radius(93pm), while
-17-
coordination numbers of 6 and 7 are less common.
UC14 [{(CH3 )2N}3PO]2, UC14 [(C2H5 )3AsO]2, and UC14 [(C6H5 )3P0]2 are 
examples of U(IV) compounds where U(IV) ions have 6
coordination. Figure(1 - I V ) s h o w s  the structure of
UC14 [(C2H5)3AsO]2 . Figure(1-V)^54  ^ illustrates the structure of 
[UC1{(CH3 )3P0}6 ]C13 where the U(IV) ion has 7-coordination. As 
an example of an 8 -coordinate uranium(IV) species, the structure 
of uranium(IV) acetylacetonate is illustrated in Figure(1-
Vi)(5 4 ) . 9 Coordination is known and discussed further below.
Very high coordination numbers between 10 and 14 have also been 
observed(7 7 7 ). Generally these contain either bidentate
nitrate or tridentate borohydride, [BH4]“ . These two ligands 
have small bites and are more likely to produce very high 
coordination numbers than a bidentate ligand such as
acetylacetonate with a much larger distance between the 
coordinating oxygen atoms.
More uranium(IV) complex compounds are going to be mentioned 
briefly in this chapter to give a general idea of the wide range 
of these types of compounds^7^.
Tetrakis(allenyl)uranium(IV) [U(C3H5)4] is one of very few
compounds containing allyl or substituted allyl obtained. It 
was prepared by reacting UC14 with allenyl Grignard compounds at 
low temperatures according to the reaction:
UC14 + 4C3H5MgBr -----► U(C3H5 ) 4 + 4MgClBr
-18-
Pig (
Fig (
l-IV) A projection of the asymmetric 
[UC14 {(C2H5 )3AS0}2] .(R ef .54)
=1
1-V) Projection of two [UC1{(CH3)3- 
P0 }6]3+ units along.
Fig (1-VI) The formula and unit cell of 
Q!-U(acac)4 (top) and 
B-U(acac)4 (bottom)
(Ref. 54)
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The dark-red crystals of tetrakis(cyclopentadienyl) uranium(IV), 
which have a tetragonal structure, were prepared by reacting 
UCI4 with potassium cyclopentadienide in benzene as follows:
UC14 + 4KC5H5 -----► U(C5H5 )4 + 4KC1
U(C5H5 )4 is a very reactive substance and can be used to 
prepare tris(cyclopentadienyl) uranium(IV) mono halides, 
U (C5H5 )3X, where X= F, Cl, Br, or I.
Bis(phthalocyaninato)uranium(IV) was prepared by reacting UI4 
with an excess of o-phthalodinitrile, C^H4 (CN)2 / at temperature 
above 250°C. The crystal structure of this compound showed that 
uranium(IV) is 8-coordinate.
Uranium(IV) alkoxides, which are derived from the replacement of 
the H in the OH group in alcohols by U, can be prepared by 
reaction of alcohols with uranium(IV) diethylamide:
U[N(C2H5 ) 2 ]4 + 4R0H -----► U(OR)4 + 4(C2H5)2NH
or by reaction of UC14 with lithium or sodium alkoxides:
UC14 + 4NaOR -----► U(0R)4 + 4NaCl
They can also be prepared by reacting potassamide with UC14 and 
various alcohols according to the reaction:
t-C4H90H
UC14 + 4KNH2  ---- ► [U(NH2)4]  =----►U(o-t-C4H9 )4 + NH4
These compounds are very sensitive to oxygen(7 ^ .
Uranium(IV) phenoxides can be prepared by the reaction of U (IV) 
methoxide with phenol:
U(OCH3 )4 + 4H0Ph -----► U(OPh)4 + 4CH3OH .
—21—
Compounds of uranium with 1,3-diketones are very important 
chelate compounds which are distinguished by their stability and 
volatility. This class of compounds can be prepared by general 
reaction:
U4+ + 4HKe -----► U (Ke) 4 + 4H+
These compounds are insoluble in water and can be extracted into 
an immiscible organic solvent. The volatility of such compounds 
can be increased by replacing the methyl group of the 1,3- 
diketone with -CF3. Thenoyltrifluoroacetone(HTTA) [Figure Ci­
vil) ] is a very important chelate derivative for its use in 
solvent extraction separation of some of the actinide elements. 
In the case of uranium, it forms a stable uranium(IV) chelate 
compound with the formula U(TTÀ)4 where the U (IV) ion has a 
coordination number 8 . This compound has been used in our
study as a model for uranium(IV) compounds.
These 8 -diketone complexes of uranium(IV) are always 8 
coordinate (Table 1-VII) with little variation in the U— 0 
bond length. The structure determination of the 8 coordinate 8 - 
diketone complexes showed that they are square antiprismic 
rather than dodecahedral. Th(TTA)4, however, has a distorted 
dodecahedron geometry.
Some 8 -diketone complexes of U (IV) and Th(IV) ,such as U (TTA)4 
and Th(TTA)4, form 9 coordinate complexes with monodentate S, 
e.g. U(TTA)4 .TOPO, U(TTA)4 .TIOTP, U (TTA)4 .DBBP, U(TTA)4 .TEP, 
Th(TTA)4 .TOPO, and Th(TTA)4 .(TBP)(64-67) . However, others, e.g. 
U(acac)4, Th(acac)4, U(DBM)4, Th(DBM)4 do not. The
possibility of adduct formation in these complexes is said^66^
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to be influenced by the acid strength of the 6 -diketone, the 
basicity of S, and the ionic radius and electronic configuration
of the metal. (Abbreviations, see Tab les 1_VI I and 2_iv)
These 8 and 9 coordinate U(IV) 6 -diketones are the main areas of 
study in this thesis. Since U(IV) can be slowly oxidized in air 
to U (VI) the 6 -diketone complexes of the uranyl ion will be 
discussed.
Table(1-VIII) shows some typical examples in which the uranyl 
ion is always linear ( or very nearly so ) .
Tables (1-VII), and (1-VIII) show that 8 coordinate complexes of 
U ( IV) 6 -diketones have the geometry of a square antiprism rather 
than the dodecahedron, while the uranyl ion 6 -diketone 
complexes are pentagonal bipyramidal . All the U (VI)6 -diketone 
complexes reported have the formula U02 (6 -diketone)2 •S and there 
is no X-ray evidence for U02 (6 -diketone)2 .2S as the large size 
of 6 -diketone molecules hinders the second substrate(S) from 
binding to the uranium. In case of a bidentate substrate, such 
as 2-N-methylaminopentane-4-one(2-N-MAPone), the adduct is bound 
to the uranium ion in U02 (6 -diketone)2 through oxygen rather 
than nitrogen as shown in Figure(1- V I I I ) . Similarly with 
U(IV), Table (1-VII) shows that ten coordination, corresponding 
to the addition of 2 S molecules, can only be achieved with a 
small bidentate ligand such as oxalate or glycolate. For U (VI) 
the complexes U02 (6 -diketone)2 readily add a substrate molecule, 
e.g, H20 making the anhydrous complexes hygroscopic. For 
example, U02 (TTA)2 is very difficult to prepare free from water 
or another solvent molecule. The structures of anhydrous uranyl
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8 -diketones are unknown. Pentagonal bipyramidal stereochemistry 
is thus much preferred by uranyl 8 -diketone complexes.
As mentioned previously tetrakis(thenoyltrifluoroacetonate)- 
uranium (IV) [U(TTA) 4] was used in our study as a model for 8
coordinate U(IV) complexes. It was chosen for this work because 
of (i) its ability to form 9 coordinate adducts, ( ii) it is
readily soluble in organic solvents, and (iii) it is very stable 
with respect to dissociation as follows:
U(TTA)4 s, — ^  U(TTA) 3+ + TTA" .
—24 —
Table (1-VII)
8,9,and 10 Coordination Complexes of U(IV) and Th(IV)
Compound Ref U —  0 
bond length 
(pm)
Geometry Coor-
number
U(acac)4 55 231-237 square - 
antiprisim
8
U(tfaa)4 56 236-240 square - 
antiprism
8
U(DBM)4 57 232-237 square - 
antiprism
8
U(TTA)4 64,
65
— — 8
Th(TTA)4 58 236-240 distorted - 
dodecahedron
8
U(catech 
olato) 4
59 236-239 dodecahedron 
D2cj symmetry
8
U(hfap)4 60 224(U-O) 
257(U-N)
irregular - 
dodecahedron
8
Th(TTA)4 . 
TOPO
61 237-249 distorted tri­
capped trigonal 
prism
9
K4 [U-
(C2O4 )4].
4H20
62 241-264 bicapped square 
antiprism
10
U(glyco- 
lato)4
63 238-255 bicapped square 
antiprism
10
Hacac = acetylacetonate
Htfaa = trifluoro-2,4-pentanedione
HDBM = dibenzoylmethane
HTTA = thenoyltrifluoroacetone
Hhfap = hexafluoroacetonylpyrazolide
TOPO = tri-n-octylphosphin oxide
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Table(1-VIII)
8 -Diketone Complexes of the Uranyl Ion.
Compound Ref 0 —U— 0 
angle 
(°)
U— 0 
(B-dik) 
(pm)
U— 0
(S)
(pm)
Geometry
uo2 (tta)2 .
TOPO
68 linear « 231 « 231 pentagonal
bipyramid
U02 (acac)2 . 
h2o
69 % 251 « 248 pentagonal
bipyramid
U02 (acac)g • 
(dmap)
70 178.9 236-238 240 pentagonal
bipyramid
U02 (acac)2 • 
(ap)
71 179 231-240 239 pentagonal
bipyramid
U02 (acac)2 • 
Hacac
72 17.6 236-244 233 pentagonal
bipyramid
U02 (acac)2 . 
TPPO
73 180 235-242 237 pentagonal
bipyramid
U09 (hfacac)?. 
azide
74 177 240-242 238
(U-N)
pentagonal
bipyramid
U02 (acac)2 . 
pry
75 173.5 234-244 247
(U-N)
pentagonal
bipyramid
dmap=2 -N,N-dimethylaminopentan-4-one 
ap =2 -aminopentan-4-one 
TPPO=triphenylphosphine oxide 
pyr =pyridine
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0
I
c
0
I
v'CH£''C '''CF3
Fig (1-VII) Molecular structure of HTTA
H(103)
H(081) C(9)
C(8) 
H (061)
H(151)
H(152)
H(162)
H |102)
H 1063)
H(153)
C(15)
H (0 6 2 )
H(163) 
H(161) 
H(013)
H (012) 
H(011)
H(052)t>---^jp|5)
H (0 5 3 ) h (051)
H(031)
Fig (l-VIII) Perspective view of the molecule, 
UO9 (acac)2•2-N-MAPone, 
with atomic nomenclature.
(Ref.  78)
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1 . 4 .  Aims o f The Present Work
With the commercial development of nuclear reactors, the 
actinides have become important industrial elements. Of major 
concern to the nuclear industry is the biological hazard 
associated with nuclear fuels and their w a s t e s '80) . The acute 
chemical toxicities of the tetravalent actinides are, in 
general, similar to Cr(III) or Al(III). However, 2 3 9 Pu(IV) is 
similar in toxic effect to strychnine which is highly toxic by 
ingestion and inhalation and its tolerance is 0.15mg/cubic metre 
of air. This toxicity has been attributed to its high specific 
activity of alpha emission ^8 1 - 8 3  ^ as well as inherent chemical 
toxicity.
Plutonium is the most likely transuranium element to be 
encountered in the environment -in addition to the several 
kilogrammes of naturally occurring material, about 5,000 kg of 
plutonium has been released during nuclear weapons testing, 
accidental destruction of nuclear devices, and nuclear fuels 
reprocessing^84'85  ^.
An essential step in the evaluation of the environmental threat 
offered by any metal ion pollutant, such as plutonium, is a 
detailed knowledge of the binding of the metal to water-borne 
organisms, such as algae and bacteria.
Many algae and bacteria contain polysaccharides having 
carboxylic acids(eg in uronic acids), sulphate(eg in sulphated
galactans), and phosphate(e.g. in teichoic acids) substituents. 
The accumulation of foreign metal ions by interaction with
-28-
mucosal films or cell walls is thought to involve these groups 
along with other oxygen atoms from sugar or glycerol residues.
The uptake of many elements by algae and/or bacteria has been 
reported(86""90) including Pb, Cd, Cu, Am, and U but little is 
known of the specific interactions with metal ions other than 
Ca, and other Group IIA elements and the trivalent lanthanoids 
and then only with simple sugars and uronic acids(91'92).
The aim of the present investigation is to improve knowledge of 
the interaction between Pu(IV) and donor groups of possible 
biological importance through the study of closely related U(IV) 
compounds. The intense radioactivity of plutonium makes its use 
in the laboratory extremely difficult, expensive, and time 
consuming and requires special facilities. U(IV), however, is 
much less radioactive, particularly 2 3 8U, which is usually 
supplied free from 2 3 5U, the naturally occurring, more intensely 
radioactive isotope. U(IV) should provide an ideal probe for 
Pu (IV) since the ions are exceptionally well matched with 
respect to ionic radius(U 93pm, Pu 90pm) and the coordination 
chemistries are very similar as both ions belong to 5f series. 
These radii are of the appropriate size to complex with ring 
conformations of substituted sugars ^ 92). Apart from the better 
matched ionic radius, U(IV) has an inherent advantage over 
thorium (IV) since it is paramagnetic and the nmr spectra of 
U(IV) complexes are well shifted but little broadened which may 
make them useful as shift reagents in nmr spectroscopic 
studies(see chapter 2). The fact that different U(IV) complexes
—29 —
have different colours in solution gives U (IV) another advantage 
over Th(IV) in electronic spectroscopic studies.
In order to be able to use U (IV) as a model for Pu ( IV) , the 
basic chemistry of U(IV) in solution must be understood first. 
Thereby, a simple system where the uranium ion changes its 
coordination state from 8 coordinate to 9 coordinate is much 
better than a system where all coordination positions might be 
used by substrates. Since 8 -diketone complexes of U(IV) serve 
this purpose and they are soluble in organic solvents, this is 
investigated first. U(TTA)4 is ideal for this study for having 
the properties mentioned in a previous section as well as being 
8 coordinate.
This aim will be realised by studying the equilibrium constants 
of the reaction between U(TTA)4 and various substrates(S) in 
organic solvents. Measurement of the equilibrium constants 
yields information on the strength with which the U (IV) complex 
binds the substrate. The equilibrium constant can be measured 
by: (1 ) analysis of changes in the electronic spectrum of
U(TTA)4 caused by the addition of different amounts of the 
substrate under study and (2 ) measurement of nmr spectra of 
the substrates in the presence and absence of a U (IV) compound.
To design experiments for the determination of equilibrium 
constants of U(IV) complexes in which the possibility of 
oxidation of U(IV) to U(VI) is minimized, the oxidation of 
U(TTA)^ in both acetone and benzene will be investigated first.
—3 0—
1 . 5 .  References
1. McLennan, J.C, McLay, A.B, and Smith, H.G, Proc. Roy. 
Soc. (London), 1926, 26, 112.
2. Bagnall, K.W, The Actinide Elements, Publisher, Elsevier,
1972.
3. Edelstein, N.M, Actinide in Perspective, Publisher, Pergamon 
Press, 1982.
4. Cotton, F.A, and Wilkinson, G, Advanced Inorganic Chemistry, 
Publisher, Wiley & Sons, 5th Ed, 1988.
5. Bailar, J.C, Emele'us, H.J, Sir Ronald Nyholm, and Trotman- 
Dickenson, A.F, Comprehensive Inorganic Chemistry, Vol 5, 
Publisher, Pergamon press, 1973.
6 . Cleveland, J.M, The Chemistry of Plutonium, Publisher, Gordon 
and Breach, 1970.
7. Katz, J.J, Seaborg, G.T, and Morss, L.R, The Chemistry of The 
Actinide Elements, Vol 1, Publisher, Chapman and Hall, 1986.
8 . Cordfunke, E.H, The Chemistry of Uranium Publisher, Elsevier, 
1969.
9. Story, A.E, PhD thesis, University of Surrey, 1979.
10.White, J.F, Minutes of The Uranium Dioxide Conf, Chalk River, 
Ontario, Jan. 5 and 6 , 1956, TID-7514.
11.Belle, J, Uranium Dioxide, Properties and Nuclear 
Applications, Naval Reactors Branch, USAEC Division 
of Reactors, US Government Printing Office, Washington, DC, 
1961.
12.Wilks, R.S, J. Nucl. Mat. 1962, 7, 157.
13.Scott, F.A, and Mudge, L.K, J. NUcl. Mat. 1963, 9, 245.
14.Schlechter, M, Kooi, J, Billiau, R, Charlier, R, and Dumont, 
G.L, J. Nucl. Mat, 1965, 15, 189.
15.Handwerk, J.H, Hoenig, C.L, and Lied, R.C, Manufacture of the 
Th0 2 ~U02 Ceramic Fuel Pellets, ANL-5678, 1957.
16.Morss, L, Actinides in Perspective (ed. Edelstien, N.M), 
Publisher, Pergamon Press, Oxford, 1982, 381.
17.Keller, C, MTP International Review of Science, Inorganic 
Chemistry, Ser.I, Vol 7 (ed. Bagnall, K.W), Butterworths, 
London; University Park Press, Baltimore.Ch2, 1972.
18. Schlesinger, H.I, and Brown, H.C, J. Am. Chem. Soc, 1953, 75, 
219.
-31-
19.Bernstein, E.R, and Keiderling, T.A, J . Chem. Phvs. 1973, 59. 
2105. . .
20.Bernstein, E.R, Keiderling, T.A, Lippard, S.J, and Mayerle, 
J.J, J. Am. Chem. Soc. 1972, 94, 2552.
21.Proc.Uranium.Carbide.Meeting, Oak Ridge National Laboratory, 
Dec 1 and 2, 1960, TID-7603.
22.Proc.4th Uranium Carbide Conf, East Hartfield, CT, May 20 and 
21, 1963, TID-7676.
23.Troc", R, Leciejewicz, J, and Ciszewski, R. Phvs. Stat. Sol, 
1966, 15, 515.
24.Picon, M, and Flahaut, J, Bull. Soc. Chim. France. 1958,772.
25.Gronvold, F, Haraldsen, H, Thurmann-moe, T, and Tufte, T,
J. Inorcr. Nucl. Chem. 1968, 30 r 2117.
26.Roberts, A. M, (1954) ,Br.Patent 704601; Morris, G.O, (1954) 
Br.Patent 704741; Morris, G.O, and Harvey, B.G, (1953) Br. 
Patent 696053 ; Harvey, B.G, and Morris, G.O, (1953) 
Br.Patent 696054 ; Leah, A.S, and Mooney, R.B, (1953) 
Br.Patents 696051, 696052 ; Leah, A.S, and Mooney, R.B, (1953) 
US.Patent 2654654.
27.Harrington, C, and Ruehle, A, Uranium Production Technology, 
Van Nostrand, Princeton, 1959.
28.Van Impe, J, Chem. Ena. Proar. 1954, J50, 230.
29.Booth, H.S, Krasny-Ergen, W, and Heath, R, J. Am. Chem. Soc, 
1946, 6 8 , 1969.
30.Evers, E.C, and Reynolds, M.B, (1954) US.Patent 2674518.
31.Carter, J.M, (1954) US.Patent 2677592.
32.Spendding, F.H, Newton, A.S, Nottorf, R, Powell, J, and 
Calkins, V, in ( Katz,J.J, and Rabinowitch,E , The Chemistry 
of Uranium- collected paper. Books 1 and 2, USAEC Technical 
Information Service, Oak Ridge, TN, 1958.), paper 11, pp.90.
3 3. Gregory, N.W, in ( Katz, J.J, and Rabinowitch, E, The 
Chemistry Of Uranium- collected paper. Books 1 and 2, USAEC 
Technical Information Service, Oak Ridge, TN, 1958.), paper 
54, pp.465.
34. Bagnall, K.W, Brown, D, and Easey, J.F, J. Chem. Soc. A . 
1968, 288.
35.Selbin, J, and Schober, M, J. Inorcr. Nucl. Chem. 1966, 28,
817.
-32
36.Betts, R.H, and Leigh, R.M. Can. J. Res. B . 1950, 28, 514.
37. Ahrland, S, and Larson, R, Acta. Chem. Scand, 1954, 8., 137.
38.Day, R.A, Wilhite, R.N, and Hamilton, F.D, J . Am. Chem. Soc. 
1955, 77, 3380.
39.Grinberg, A.A, Petrzhak, G.I, and Evteeva, L.I, Radiokhimiva. 
1960, 2, 505.
40.Zakharova, F.A, and Moskvin, A.I. Zh. Neorq. Khim. 1960, 
5, 1228; Russ. J. Inorcr. Chem. 5, 592.
41.Pfeiffer, P, Z. Anorcr. Allqem. Chem. 1919, 105. 361.
42.Du Preez, J.G.H, Zeelie, B, Casellato, U ,and Graziani, R, 
Inorcr. Chim. Acta. 1986, 122. 119.
43.Du Preez, J.G.H, Gellaty, B.J, Jackson, G, Nassimbeni, L.R, 
Rodgers, A.L, Inorcr. Chim. Acta, 1978, 27, 181.
44.Bombieri, G, Brown, D, and Graziani, R. J. Chem. Soc. Dalton.
1975, 1873
45. Sommerville, P, and Laing, M, Acta. Crvstallocrr. sect. B,
1976,_32, 1551.
46.Bombieri, G, Forsellini, E, Brown, D, and Whittaker, B, J. 
Chem. Soc. Dalton. 1976, 735.
47.Bagnall, K.W, Xing-Fu, L, Bombieri, G, and Benetollo, F, J. 
Chem. Soc. Dalton. 1982, 19.
48. Kepert, D.L, Patrick, J.M, and White, A.H, J. Chem. Soc.
Dalton. 1983, 381.
49.Calderazzo, F, Floriani, C, Pasquali, M, Cesari, M, and 
Perego, G, Gazz. Chim. Ital. 1979, 106. 127.
50.Charpin, P, Costes, R.M, Folcher, G, Plurien, P, Navaza, A, 
and De Rango, C, Inorcr. Nucl. Chem. Lett, 1977, 13., 341.
51.Al-Daher, A.G.M, Bagnall, K.W, Castellani, C.B, Benetollo, F, 
and Bombieri, G, Inorcr. Chim. Acta. 1984, 95, 269.
52. Kepert, D.L, Patrick, J.M, and White, A, J. Chem. Soc.
Dalton. 1983, 385.
53. Kepert, D.L, Patrick, J.M, and White, A, J. Chem. Soc.
Dalton. 1983, 559.
54.GMELIN Handbook, Uranium (Supplement Vol El), Coordination 
Compounds, 1979.
55.Titze, H, Acta. Chefti. Scan. 1970, 24., 405.
-33-
56.Charpin, P, Lance, M, and Navaza, A, Acta. Crvs. C . 1985, 41,
1721.
57.Kepert, D.L, Patrick, J.M, and White, A. J. Chem. Soc. 
Dalton. 1983, 567.
58. Lenner, M, and Lindqvist, 0, Acta. Crvstallocrr. 1979, 35. 
600.
59. Sofen, S .R, Abu-Dari, K, Freyberg, D. P, and Raymond, K.N, J.
Am. Chem. Soc, 1978, 100. 7882.
60.Volz, K, Zalkin, A, and Templeton, D.H, Inoro. Chem. 1976,
15, 1827.
61. Leipoldt, J.G, Wessels, G.F.S, and Bok, L. D. C, J. Inorcr. 
Nucl. Chem. 1975, 37., 2487.
62. Favas, M. C, Kepert, D.L, Patrick, J.M, and White, A.H, J. 
Chem. Soc. Dalton. 1983, 571.
63. Alcock, N.W, Kemp, T. J, and Sostero, S, J. Chem. Soc. Dalton. 
1980, 1182.
64.Ramakrishna, V.V, Patil, S.K, and Ramanujam, A, J. Inorg. 
Nucl. Chem. 1980, 42., 1009.
65. Baskin, Y, and Krishna Prasad, N.S, J. Inorcr. Nucl. Chem. 
1963,_25, 1011.
6 6 .Bok, L.D.C, Wessels, G.F.S, Leipoldt, J.G, Z. Anorq. Alla. 
Chem. 1974, 404. 76.
67.Bullock, J.I, Sweatman, A.J, Inorg. Chim. Acta. 1982, 64., Ll.
6 8 .Lu, T.H, Lee, T.J, Lee, T.Y, and Wong, C, Inorg. Nucl. 
Chem. Lett. 1977, 13, 363.
69.Frasson, E, Bombieri, G, and Panattoni, C, Coord. Chem. 
Rev. 1966, 1, 145.
70.Nassimbeni, L.R, Orpen, G, and Pauptit, R, Acta. Crvst. sect 
B, 1977, 33, 959.
71.Rodgers, A. L, Nassimbeni, L.R, Pauptit, R. A, Orpen, G, and 
Haigh, J.M, Acta. crystallogr. sect B . 1977, 33., 3110.
72.Lenner, M, Acta. Crvstallogr. sect B . 1979, 35, 2396.
73.Taylor, J.C, and McLaren, A.B, J. Chem. Soc. Dalton. 1979, 
460.
74.Prasad, L, Gabe, E. J, Glavincevski, B, and Brownstein, S, 
Acta. Crvst. sect C . 1983, 39., 181.
-34-
7 5. Alcock, N.W, Flanders, D.J, and Brown, D, J. Chem. Soc. 
Dalton, 1984, 679.
76.Rebizant, J, Apostolidis, C, Spirlet, M.R, Andreetti, G.D, 
and Kanellakopulos, B, Acta. Crvst. sect C . 1988, 44, 2098.
77. Dillen, J.L.M, Van Rooyen, P.H, Strydom, C.A, and Van Vuuren, 
C.P.J, Acta. Crvst. sect C . 1988, 4_4, 1921.
78.Haigh, J.M, Nassimbeni, L.R, Pauptit, R. A, Rodgers, A. L, and 
Sheldrick, G.M, Acta. Crvstallogr. sect B . 1976, 32., 1398.
79.Blomeke, J.O, Nichols, J.P, and Mclain, W.C, Phvs. Today.
1973. 26. 36.
80.Kubo, A.S, and Rose, D.J, Science. 1973, 182. 1205.
81.Durbin, P.W, Handb.Ex p .Pharmacol. 1973, 36, 739.
82.Denham, D.H, Health. Phvs. 1969, lj6 , 475.
83.Bair, W.J, and Thompson, R.C, Science. 1974, 183. 715.
84 . Stannard, J.N, Handb. E x p  . Pharmacol. 1973 , 3.6, 669.
85.Bulman, R.A, Struct, and Bonding. 1978, 34., 39.
8 6 .Horikoshi, T, Nakajima, A, and Sakaguchi, T, J . Ferment. 
Technology. 1979, 57., 191.
87.Veroy, R.L, Montano, N, Cuzman, M.L.B, Laserna, E.C, and 
Cajipe, J.B.G, Bot. Mar. 1980, 23., 59.
8 8 .Giesy, J.P, and Paine, D, Prog .Water Tech. 1977, 9, 845.
89.Paskins-Hurburt, A.J, Skoryna, S.C, Tanaka, Y, Moore, W, and 
Stara, J.F, Bot. Mar. 1978, 21, 13.
90.Daniel, G.F, and Chamberlain, A.H.L, Bot. Mar. 1981, 24., 229.
91.Aspinall, G.D, The polysaccharides. Vol. 2, Publisher, 
Academic Press, 1983.
92.Angyal, S.J, Chem. Soc. Revs. 1980, 9, 415.
—35—
CHAPTER 2 : EXPERIMENTAL METHODS
page
2.1. Electronic Spectra 37
2.1.1. Uranium(IV) Spectra 37
2.1.2. Uranyl Spectra 41
2.1.3. Study of Equilibrium Constants in Solution by Electronic 
Spectroscopy 53
2.2. NMR Spectra 60
2.2.1. Introduction to The Use of Paramagnetic Shift Reagents
in NMR Spectroscopy 60
2.2.2. Study of Equilibrium constants in Solution by
NMR Spectroscopy 66
2.3. References 71
—3 6-
2 .1 .  Electronic Spectra
2.1.1. Uranium(IV) Spectra
Uranium(IV) and its compounds have 5f2 electrons in their 
electronic structure and exhibit spectra rich in bands . The
electronic spectra have internal 5f2---►5f2 transitions which are
Laporte-forbidden and therefore cause weak and narrow bands in 
the u.v., visible and near infrared regions of the spectrum. They
also have the Laporte-allowed 5f2 6d--- ► 5f16d1 transitions which
cause intense and comparatively broad bands in the u.v./visible 
regions. There are also bands due to electron-transfer between 
the metal ion and the ligand. These bands are usually broad and 
most commonly occur in the u.v. region but are sometimes present 
in the visible r e g i o n W .
In general, it is very difficult to assign electron-transfer
bands when they occur at energies higher than those of f ►d
transitions. However, they can be distinguished from f **d bands
by the larger half-width and relatively weak intensity of the
electron-transfer bands compared to those of f ►d transitions.
Figure(2-1) shows the absorption spectrum of an acetonitrile 
solution of U (IV) hexahalides between 200 and 600 nm where the 
two types of allowed transitions are exhibited.
The energies of electron-transfer bands are a measure of the 
difference in central metal ion and ligand electronegativity. 
Thus, these bands can be shifted towards lower energy in the 
spectra when the oxidizing strength of the metal ion is increased 
or the reducing strength of the ligand reducedt1). Since U (IV) is
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neither strongly oxidizing nor reducing, its electron-transfer 
bands are likely to be at higher energy. The electron-transfer 
spectra produce rather intense colours in U (IV)compounds and as a 
result the presence or absence of a particular ligand in the 
coordination sphere can be determined by colour only.
In a typical actinide, the 5f electrons are coupled to form 
states with definite values of total spin S and total orbital 
angular momentum L (Russell-Saunders Coupling). These symbols, 
eg, 3H4 (U(IV) in the ground state) are commonly quoted for the 
electronic states of the actinide ions. The spin and orbital 
angular momenta are considered to couple separately. In the case 
of 3H4 the coupled spins give a spin multiplicity (2S+1)=3 and a 
coupled orbital angular momentum with L=5(H). These separate 
contributions to the total angular momentum would give J=4,5,or 6
(J= L+S, L+S-l,   | L-S | ) . The J values appears as the right
hand subscript.
< ox
600200
Wavelength (nm)
Fig (2-1) Absorption spectra of acetonitrile solutions of 
U(IV) hexahalides. (1) 4.6xl0“ 2 M UI6 2 (absorbance 
scale displaced 0.3), (2) l.lxl0~ 4 M [(C2H5 )4N]2UBr6 
(absorbance scale displaced 0.2), (3) 1.4x10 M
[ ( c 2 h 5 ) 4 n ] 2 u c i 6 . R e f . 1  .
-38-
it is known however that as the atomic number increases 
interactions between the lj_ and s^ become more important relative 
to 1^/ljL and s^/s^ interactions. In this case a j-j coupling 
scheme is used. Some authors specify the j-j symbols for 
actinide levels only. A scheme intermediate between Russell 
Saunders and j-j c o u p l i n g p r o b a b l y  describes the actinide 
electronic energy levels the best. For example the selection 
rule AS=0 is relaxed as shown by the assignments in Tables (2-1) 
and (2-II).
In f systems there are large number of energy states. In the case 
of f2 there are seven energy states even in the free ion. These 
are split further by ligand field and other effects. The ligand 
field splitting is reported to be small (a few hundred cm )^ for 
U(IV) in CuF2 and moderately large for U(IV) in solid U C l ^ 4), 
and matrix-isolated UC1 4 ^^ and it has been suggested/4  ^ that 
it may vary widely with the nature of the compound in question.
J o r g e n s e n s t u d i e d  the spectrum of uranium(IV) perchlorate 
which is shown in Figure(2-II) . He also studied the spectrum of 
U (IV) oxalato-complexes in solution and compared the wave numbers 
of the bands of these complexes with those of the a quo ion 
spectrum which are listed in Table(2-1). This table shows that 
the spectrum of U(IV) complexes is not highly influenced by 
complex formation and the bands of the oxalato-complex are 
shifted on average 400cm"1 towards lower wavenumber as compared 
with the a quo ion spectrum. Therefore the lowest of the levels 
into which 3H4 is split by the crystal field from the ligands is 
some hundred cm" 1 lower in the aquo ion than the oxalato complex.
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Y o u n g s t u d i e d  the spectrum of U (IV) in molten LiF-BeF2 over 
the range 200-1500nm [Figure(2-III)]. The very intense 
ultraviolet absorptions were attributed to Laporte-allowed
transitions of the type 5f2 6d°---^5f^6d^, whilst the other, much
weaker, absorptions at lower energies were attributed to Laporte- 
forbidden transitions within the 5f orbital set. These internal 
transitions are much less effected by solution environment(8'^) 
but not independent(10).
Table f2-1) : The uranium(IV) 3H4 bands observed.
level wave numbers of 
(shoulder in
maxima in cm-1 
parenthesis) 
Uox4
i 3f2 6550
(6900)
2 3H4 (8750)
9300 9200
3 3F3 1 1 2 0 0 1 1 0 0 0
1 2 0 0 0 11500
4 3F4/ 1G4 14850
15350 15000
(15850) (15800)
5 1D2 18200 17800
(18350)
6 1G4 (3F4) 20150 19750
(20500) 20300
(21300) (2 1 0 0 0 )
7 lx6 (23000)
23350 22750
8 3P2 40800
Cohen et al^  have studied the spectrum of U (IV) in DC104 in the 
range 2 0 0 -1 2 0 0nm and found that the spectrum obtained in this 
region is little affected by the presence or absence of complex
-40-
formation(11/12). This is consistent with the theory that the 
transitions involved are between different levels within the 5f- 
orbitals, and since the orbitals lie deep, the influence of the 
external ligand field is minimized. The band positions of the 
U(IV) spectrum obtained by Cohen et al ^  were in good agreement 
with those obtained by J o r g e n s e n a n d  calculated by Conway(3^.
1 100 1 0 0 0  9 0 0  8 0 0  7 00  650  mfi 6 0 0
T 1----- 1------ 1-------1--------1-------- 1----------1----------- 1------------- [ I I I  'I— |— 1— 7— I— I— | r
1 0 0 0 0  1 2 0 0 0  1 4 0 0 0  1 6 0 0 0  cm " '
550  5 0 0  4 50  mpt. 4 0 0
<r
20
10
0
2 4 0 0 0  cm " '18 0 0 0 20 000 22000
Fig (2-II) Absorption spectrum of aquo uranium(IV) from 
measurement in 1M and 5M HCIO^ at 25°C.
Ref .6.
Table (2-11) : Comparison of observed and calculated levels
in U(IV)
Term
assignment
obsd.ina 
soln. (cm*"1)
molar extinc­
tion coeff(e)
calc
(cm”1)
"So 39482
3 *2 40750 13.8 23330
23290 14.8 19480
3pl 20580 21.4 ' 18503
3p= 20190 26.6 15672
1g4 18200 18.8 15664
1 d 2 15420 56.1 15413
3 h 6 14890 23.5 10922
3 f4 11360 7.2 8619
3f3 9346 60.9 8574
3h5 8830 33.2 5875
3 f 2 6734 30.6 4031
a allowed transitions found in the ultraviolet 
region in solution are not included in this 
table.
8
1400
Fig (2-III) Spectrum of U(IV) in molten LiF-BeF2 at 550°C.
R e f . 7.
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The very intense band at 207nm which results from Laporte-
allowed trasitions 5f2 6d---►5f 16d1 is in a different class than
the other bands observed at higher wavelengths which are result 
of Laporte-forbidden transitions within 5f-orbitals.
Bagnall et al^13) have measured the spectrum of the eight 
coordinate U(IV) complex, U (N,N-diethyldithiocarbamate)4, in 
benzene between 6,000 and 30,000 cm”1. They found that the
general features of this spectrum are similar to those reported 
by Ryan(14) for the hexahalogeno-complex of U(IV) and illustrated 
how little effect changes in the site symmetry and coordination 
number have on the f-f transitions.
More eight coordinate uranium(IV) compounds were studied by 
Selbin and Ortego(15) and their electronic spectra between 5,000 
and 30,000 cm” 1 were investigated in various media. They found 
that many of the bands for these eight coordinate species are at 
significantly different energies than for the six coordinate 
U (IV) species studied by Papalardo and Jorgensen(16) and 
Satten^17). Selbin and Ortego^18) have also studied the spectra 
of U(tropolonato)4 and LiU(tropolonato)5, where they thought that 
the uranium in ten coordinate in the latter and eight coordinate 
in the former, but found that the two spectra are identical.
Alie et al(18) have reported the spectrum of uranium(IV) in HCl- 
AcOH between 400 and 700nm, [Figure(2-IV)], which alter 
significantly as a function of HC1 concentration and the spectra 
for the chloride species differ from the perchlorate species 
[Figure(2-V)].
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However, the intensity of the spectra can in some cases give 
direct information concerning the coordination number and 
symmetry of uranium complexes. Gans et al(20) studied the diffuse 
reflectance spectra (25,000-4,000 cm”1) of twenty U(IV) compounds 
at room temperature. The spectra obtained were divided into three 
classes on the basis of the band intensities. They found the 
"weak" intensity spectra occurred when the uranium was 6- 
coordinate and the environment was centro-symmetric. The "strong" 
intensity spectra occurred when the coordination number was 
higher than six and there was no centre of symmetry. The 
frequencies of the "medium" intensity spectra were found to 
correlate more closely with those of the "strong" than the "weak" 
intensity spectra, indicating the absence of a centre of 
symmetry. Gans suggested that "medium" intensity spectra 
occurred when octahedral or cubic symmetry was destroyed by the 
presence of non-equivalent ligands. Ryan(1) considers the 
differences observed between the "strong" and " medium” spectra 
to be within experimental error. Further, UCI4 .2MeCN which Gans 
concluded to be cis-octahedral, appears not to have the 
stoichiometry cited (21 '22 ) and is very likely not to be 6- 
coordinate .
From the previous discussion, it can be seen that the ligand
field around the uranium (IV) has a small effect on the f ► f
transitions in the U(IV) spectra so that band positions in 
complexes are much the same irrespective of the number of ligands 
or their type although the number of bands observed within an 
envelope may change [Figure (2-V), 600-700 nm], and the small
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50
W 40
30
20
5000 6000 7000
WAVELENGTH, Â
Fig (2-IV) Visible spectra of U(IV)-chloride species in
anhydrous AcOH. ---- UC1, in pure AcOH;
[U(IV) ] =1.1x10““ M.  UC14 in 1.4M HCl-AcOH;
[U(IV) ]=7.4X10“3 M. Ref .19.
60
50
u 20
4000 5000 6000 7000
WAVELENGTH, Â
Fig (2-V) Visible spectra of U (IV) in 0.5M HClO^-AcOH solution. 
[U ( IV) ] = 6 . 8x10 M. Ref.19.
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changes in the f ► f spectra are sufficient to sometimes
identify the coordination number of the uranium in the compounds 
or to indicate that complex formation is taking place.
Ryan(^ 3) has found that the presence of hydrogen bond-donors in 
ü (IV) complexes increases the intensity of some bands in their 
absorption spectra . Figure(2-VI) shows the absorption spectra 
between 560 and 700nm of [(C2H5 )4N]2UC1 6 in acetonitrile, in 
which no hydrogen-bond donor is present, and U (IV) Chloride in 
acetonitrile containing 0.3M H20 and saturated with HCl with 
arrows marking the four bands increased in intensity in the 
solution containing hydronium ions.
0.6
< 0.4
0.2
680600 640
Fig (2-VI) The effect of hydrogen bonding on the absorption 
spectrum of UC162“. (1) 3.9xl0-2 M U(IV) + 0.3 M 
H20 in HCl-saturated acetonitrile (absorbance 
scale displaced 0.2) and (2) 3.9xl0-2 M [(C2H5 )4 
N]2UC16 in acetonitrile.Ref.aa.
In addition to the crystal field splitting the so-called 
nephelauxetic(cloud expanding) effect can also cause shifts in 
Laporte forbidden transitions and f-f spectra in particular. The 
effect r e l a t e s 2 )^ to the degree of covalency in the metal ion
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to ligand bond and can be used to investigate complex 
formation(20) .
An approximate nephelauxetic shift series in terms of donor atom 
type is:
F < 0 < N < Cl < Br < S«I
ie, the ligand atoms with the highest electron affinities give 
the smallest shifts. Most ligands (except F”) give blue shifts 
of a few % in lanthanide and actinide spectra relative to water 
as a ligand. Metal ions in high oxidation states give the 
largest shifts.
It is believed that changes in the covalency of the metal ion to 
ligand bond cause an expansion of the f (and d) orbitals which in 
turn changes the interelectronic repulsions between the f 
electrons and thus alters the energy of the f-f transitions.
2.1.2. Uranvl Spectra
X-ray diffraction studies showed that the uranyl ion(U022+) 
has a symmetric, linear structure (see chapter 1) . This linear 
group has three fundamental vibrations; a symmetric bond 
stretching vibration(vg) , an antisymmetric bond stretching 
vibration(va), and a bending vibration(vb). The symmetric 
stretching vibration is the only type which is coupled strongly 
with the electronic transitions. Series of up to about 8 members 
of the symmetric vibration are coupled with each electronic 
level to produce absorption spectra of uranyl compounds 
consisting of single series of approximately equidistant band 
groups(25).
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In the visible region, the spectrum, which is due to weak or 
forbidden electronic excitation within the uranyl ion, generally, 
has small molar absorptivities(less than 50), sharp fine 
structure, and overall is sensitive particularly in terms of 
intensity to ligand environment. In the u.v. region, the uranyl 
spectrum has strong bands due to electron-transfer associated 
with the ligands attached to the U022+ i o n . The ligand 
environment affects the relative intensities of the bands and to 
a smaller extent the energies of the series of vibrational peaks.
Bell and B i g g e r r e p o r t e d  24 bands in the visible and u.v. 
absorption spectrum(1800-5000 A°) of the uranyl ion in
perchlorate media. According to the relationship between these 
bands, they were grouped into seven major absorption bands-which 
have an average spacing of 6137cm"^ between them. The energies 
and spacings of the seven major absorption bands are listed in 
Table(2-III). The first two bands represent triplet excited 
states resulting from an electron transfer from the bonding 
molecular orbitals to the lowest energy nonbonding orbitals of 
the uranyl ion^27). Band 1 is composed of 12 bands, while band 2 
is composed of 7 bands. The spacing between bands 1 and 
2 [Table(2-III) ] represents the relative energy difference of the 
first and second nonbonding orbitals. The 5 remaining very broad 
bands, which show no vibrational structure, could be a result of 
electronic transitions from the ground state to five excited 
states having regular energy increments(26). Figure(2-VII) shows 
the absorption spectra of the uranyl ion in the visible and u.v. 
region(19,000-56,000 cm"1) with arrows marking the 24 absorption 
bands. Bell and Bigger, in their studies on the effect of
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hydrolysis on the resolved spectral bands of the uranyl ion in 
perchlorate media, have found that hydrolysis had no effect on 
the transition frequencies observed. However, the intensities
and half-band width of all bands gradually increased as 
hydrolysis proceeds [Figure(2-VIII)].
Ryan and Keder(28) have found in their studies of several uranyl 
ion compounds that the spectra of U02 (NOg) 3 , UO2 (S04 ) 3 4 , 
U02 (C03)34-, U02 (C104)3”, and U02 (C2H302)3_ ions are very closely 
similar in their general appearance but the overall intensities 
vary between the different complexes.
Table (2-III): wave number of the seven major absorption 
bands of the aqueous uranyl ion.
band subband band centre 
(cm 1)
A 1-12 24107
B 13-19 31367
(31361)
C 20 36873
(36622)
D 21 43817
(43013)
E 22 48930
(49176)
F 23 54950
(54686)
G 24 60930
(60067)
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Fig (2-VII) Absorption spectrum of uranyl ion in perchloric acid 
in the u.v./visible regions at temperature 25°C.
(A) Bands 1-14, V 0 2++= 0.09660M, H+= 0.112M.
(B&C) Bands 12-24, U02++= 0.01135M, H+= 0.015M.
Ref.26-
~T I T3:0D0
Fig(2-VIII) Spectra of uranyl ion at various degrees of 
hydrolysis. (1) acidic solution. (2) hydroxyl 
number, n = 0.125. (3) n = 0.291. (4) n = 0.415.
UO2++=0.0966 M, temperature is 25°C.
Ref .26.
The absorption spectra of uranyl nitrate in various ketonic 
solvents(methyl isobutyl ketone, acetone, and cyclohexanone)
were studied by Kaplan et al^29). They found that these spectra 
are quite similar to one another and differ from the spectrum of 
the uranyl nitrate in water only in the sharpness of the bands at 
certain wavelengths. Ryan^30  ^ reported the absorption spectrum of 
a solid film of (C2H5) 4NU02 (N03) 3 to be identical to that of the 
trinitrato uranyl ion reported by Kaplan et al, except for a 30% 
decrease in the molar extinction coefficient at all wavelengths 
and a very slight wave length shift (2-3nm) . These 
complexes(28'3 probably have the hexagonal bipyramidal 
structure mentioned in chapter 1. However, the spectrum of the 
tetranitrato uranyl ion differs markedly from those of trinitrato 
complex and aqueous uranyl nitrate[Figure(2-IX)]. It is more 
intense and has no vibrational structure.
300 350 400 450 500 550
Wave length, mp.
Fig (2-IX) Absorption spectra of solid complex U(IV) nitrate 
salts compared to that of aqueous uranyl ion:
 , [(C2Hc)4N]2uo2 (N03)4 ? , [(c2h5)4nuo2 (N03)3;
..., uranyl nitrate in 0.514M HN03. R ef. 3 0 .
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2.1.3. Study of Equilibrium Constants in Solution by 
Electronic Spectroscopy
The electronic spectra of uranium(IV) and uranium(VI) ions can be 
used to study the formation of adducts between U (IV) and U (VI) 
compounds and different types of ligands.
Patil et al(31) have studied spectrophotometrically the formation 
of adducts between U(TTA)^ and some neutral donors(S). Benzene 
solutions having fixed concentration of U(TTA) 4 [»10""3M] and 
various concentrations of the neutral donors in presence of ten­
fold excess of HTTA were prepared and the absorption spectra 
between 750 and 600nm were recorded for some of these solutions, 
and between 600 and 400nm for the others (due to large value of 
formation constant, it was necessary to decrease the 
concentrations of both U(TTA)4 and the donor and therefore use 
lower wavelength ranges in order to obtain more accuracy). 
Figure(2-Xa b) shows the absorption spectra of U (TTA)4 in benzene 
in the presence of excess of HTTA and varying concentrations of 
a neutral donor(triphenyl phosphine oxide). Patil et al found 
that each one of these donors formed a 1:1 adduct with U(TTA)4 .
The changes of the U(TTA)4 absorption spectrum caused by the 
addition of different amounts of the neutral donors(S), which is 
attributed to an increase in coordination number of U(IV) from 8 
to 9, were observed and used to calculate the equilibrium 
constant(K) of the reaction(n=l):
K
U(TTA)4 + nS -•••••-•* U(TTA)4 .S (1)
for which the equilibrium constant was given by
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[U(TTA)4 .S]
K = -------------- (2)
[U(TTA)4][S]
and the molar extinction coefficient E at a particular wave­
length when only two absorbing species are present in the 
solution was given by
EC = E 1C 1 + E2C2 (3)
where E = the observed molar extinction coefficient of all 
species absorbing at a given wavelength
E-l = molar extinction coefficient of U (TTA) 4 
= concentration of U(TTA)4 
E2 = molar extinction coefficient of U (TTA)4 .S 
C2 = concentration of U(TTÀ)4 .S 
It follows, from the mass equations,that
C = UTotal = [U(TTA)4]Free + [U(TTA)4 .S] (4)
STotal = [S]pree + [U(TTA)4 .S] (5)
From (3) and (4) , the values of and C2 were calculated in 
terms of C, E, E^, and E2 to get 
(E-E2)C
C1 =--------  (6)
(El-E2)
(El-E)C
C2 - (7)
(Ei-E2)
By substituting and C2 from (6) and (7) in (2) , eqn (8)
follows
C2 (EH-E2) 1
K = ---------  =  x------  (8 )
[S]Free (E- E2) [SJpree
From eqns (5) and (7), [S]Free was given as
—54 —
(E-l - E) C
Free = ts]Total ~ ~~
(Ei - E2)
Thus by knowing the values of C, [S]Total' E ' El' and E2 ' the 
value of the equilibrium constant K was calculated by using (8 ) 
and (9). The absorption spectrum of U(TTA)4 obtained in the 
absence of any added S was used to get the value of Ei at the 
desired wavelength. The value of E2 was derived from the 
spectrum when (S)/(U(TTA)4) is high so that any further increase 
in this ratio did not cause any observable change in the 
spectrum, thereby suggesting the almost complete conversion of 
U(TTA)4 to its adduct.
The neutral donors used by Patil et al(31), Ramanujan et al(32), 
Ramakrishna et al(33) and K values of the adducts of U(TTA) 4 are 
listed in Table (2-IV).
Table (2-IV): Summary of the logK values for the formation 1:1 
adducts between U(TTA)4 and neutral donors in 
benzene.
Neutral donor logK
Tri-n-octyl phosphine oxide (TOPO) 6.23
Tri-phenyl phosphine oxide (TPPO) 4.72
Di-n-butyl butyl phosphinate (DBBP) 4.04
Dioctyl sulphoxide (DOSO) 3.64
Dihexyl sulphoxide (DHSO) 3.62
Dimethyl sulphoxide (DMSO) 3.23
Dibenzyl sulphoxide (DBSO) 3.10
Tri-n-butyl phosphate (TBP) 3.04
tri-iso octyl thio phosphate (TIOTP) 1.04
Methyl-iso butyl ketone (MIBK) 0.1
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Fig (2-Xa) Absorption spectra of U(IV) in benzene and varying 
concentrations of TPPO. Note: for the curves numb­
ered on lower wavelength region, add 138 for the
given E value. R ef.3 1 . Curve Itppo]/(U(iv)J
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Fig (2-Xb) Absorption spectra of U(IV) in benzene and varying 
concentrations of TPPO. Note: for curve N°. 1 on 
lower wavelength region add 1017 for the given E 
values. Ref .31.
Ramanujan et al(^2) ancj Ramakrishna et al^33) have also studied 
the formation of adducts between U(TTA)4 and other neutral donors
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Ramanujan et ait32) and Ramakrishna et alt33) have also studied 
the formation of adducts between U(TTA)4 and other neutral donors 
in benzene using the same method used by Patil et al. All groups 
have concluded that the K values of the adducts of U(TTA)4, which 
are listed in Table (2-IV), increase with the increase of the 
basicity of the neutral donors.
More studies of the formation of adducts between U(TTA)4 and 
some neutral donors were done by Patil et al^3 )^ in benzene and 
chloroform. They reported the values of the equilibrium 
constant of the adducts formation of U(TTA)4 to be 1.35xl06 with 
tri-n-butylphosphine oxide in benzene in the range 550- 
400nm[Figure(2-XI) ], and 9.6xl03 with TOPO in chloroform in the 
range 650-550nm. The adduct formation of U(TTA)4 with water in 
acetone and with some amines in benzene were studied 
qualitatively. No attempt to calculate the equilibrium constants 
for these adducts was made.
C u rv e  j
0  UlL_
.1
6
1
9
500
Fig (2-XI) Absorption spectra of U(TTA)4 in benzene and varying 
concentrations of TBPO. [U(IV)]=2.46x10 M.Ref.3 4 .
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Similar studies were done on the formation of adducts between 
UO2 (TTA)2 and some neutral donors(TBP, DBBP, TOPO) in benzene by 
Ramakrishna et al(35). These donors form a 1:1 adduct with 
U02 (TTA)2 which can be represented as 
U02 (TTA) 2 + S ^ ---=* U02 (TTA)2*S
This study did not give an indication regarding the formation of 
higher adducts, such as U02 (TTA)2 •2T0P0 or U02 (TTA)2 •3S ,as 
reported by Healy (36,37)
In the present work, the adduct formation between U(TTA)4 and 
some neutral donors in organic solvents will be studied 
spectrophotometrically(chapter 4). Several solutions at fixed C 
but with varying STotal are prepared and measured at a number of 
different wavelengths between 550 and 400nm. These data are the 
input data for the computer program SQUAD which calculates the 
equilibrium constants and the extinction coefficients of the 
reaction (1) by a non-linear least squares method which involves 
the simultaneous solving of eqns (2), (3), (4), and (5) at each
wavelength for each solution. The system is now "over- 
determined" and non-linear least squares methods allow the 
calculation of the best-fit values of and E2 at each
wavelength and the equilibrium constant K. SQUAD can be readily 
used to test the validity of the model by attempting to fit the 
experimental data to, for example, values of nS (n=l,2,3,...etc) 
in equation (1) .
For the simplest case where n=l in equation (1) N solutions 
measured at Y wavelengths contain 2Y unknown extinction coeffi-
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cients, N unknown concentrations C^, N unknown concentrations 
C2, N unknown concentrations [S] Free an<^  an unknown equilibrium 
constant K. There are NxY known absorbances and N known values 
of STotal and a fixed value for C. The system is over-determined 
if numerically 
NxY + C + NxSTotal > 2Y + N ( Cl + C2 + [S]Free ) + K
For example, a system using 6 solutions measured at 10 wave­
lengths with n=l would give 67 independent measurements on the 
left-hand side of the inequality and 39 unknown quantities on the 
right.
One advantage of SQUAD is that no known values of extinction 
coefficients are required. If any extinction coefficients are 
measurable in an independent experiment it is then possible to 
compare these with the calculated values (eg, above). This
treatment assumes that S does not absorb in the experimental 
wavelength range. SQUAD can allow for this if required.
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2 . 2 . NMRSpectra
2.2.1. Introduction to The Use of Paramagnetic Shift 
Reagents in NMR Spectroscopy
Paramagnetic metal complexes can be used in nmr spectroscopy as 
shift reagents(38) to reduce the equivalence of nuclei by 
altering their magnetic environment through coordination to 
suitable donor atoms in an organic compound under study thereby 
expanding their coordination shell and forming a new complex in 
solution. These paramagnetic ions have, due to the unpaired 
electrons in their electronic configuration, relatively short 
electron relaxation times ^ 39  ^ and therefore cause little or no 
significant nuclear relaxation.
As mentioned in the previous section, uranium(IV) has the 
electronic configuration [Rn]5f2. The unpaired electrons in the 
5f orbitals render the U(IV) ion paramagnetic which is well 
known to produce sharp linewidths in the nmr s p e c t r a a n d  
therefore U(IV) complexes may be used as paramagnetic shift 
reagents although they are not used as such at present. They are 
also possible models for Pu(IV), (see chapter 1).
Lanthanide complexes have been extensively used as paramagnetic 
shift reagents (38”74) . Hundreds of publications on the use of 
lanthanide complexes in the nuclear magnetic resonance 
spectroscopy have been revealed since 1969 when Hinckley(43  ^
reported that some bispyridinetris(8-diketone)lanthanide(III) 
complexes induce stereospecific shifts in the nmr spectra of 
organic substrate molecules and reduce second-order nmr spectra
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to first-order without loss of resolution, but there are very few 
publication involving U(IV) complexes(41'75~81).
The interaction of the paramagnetic metal ion with the substrate 
under study causes shifts, for example, in the 1H nmr spectra of 
the substrate. These shifts can be obtained practically by 
adding known amounts of paramagnetic shift reagent to the 
compound under study and recording the nmr spectrum after each 
addition. Alternatively, the substrate concentration may be 
varied at fixed concentration of the paramagnetic ion. The 
chemical shift of each proton in the substrate alters, to a 
greater or lesser degree, with each addition of shift reagent and 
the extent of the induced shift is measured(38). Normally in the 
shifted spectrum, averaged environments of the nuclei in the 
complexed and uncomplexed nucleophiles are seen as a result of 
rapid exchange between free and complexed substrate molecules on 
the nmr time scale.
The shifts induced in the nmr spectrum of the substrate increase 
in size towards a maximum as the ratio of the concentration of 
added shift reagent to the substrate increases. These shifts can 
be a very rich source of information. From the magnitude of the 
induced shifts, detailed information about the geometry of the 
complex and hence of the organic substrate itself can be 
obtained(58). The analysis of the concentration dependence of the 
induced shifts yields the stoichiometry and stability constants 
of the adducts formed with the complex and can be used in the 
determination of the bound chemical shift (AB) of each proton of 
the substrate(58).
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The observed shift can be expressed as the sum of three different 
types of shift, the contact shift (Ac), the pseudocontact shift 
(ApC), and the diamagnetic shift (Ad)
A T = A c + A pc + A d (10)
(i) The diamagnetic shift arises from the binding of an ion if 
this binding causes changes in conformation or in pK values of 
the substrate, or from direct electric field effects(39). In 
order to determine the shifts which occur on binding paramagnetic 
lanthanides and actinides, the effects of binding the diamagnetic 
La3+ or Lu 3+ for the former and Tli4+ for the latter may be 
measured. These effects are often quite small, particularly for 
1H resonances, and can be ignored in many of the cases(82).
By applying the diamagnetic corrections to the observed shifts 
with paramagnetic lanthanides and actinides, the paramagnetic 
shift alone is obtained.
(ii) The contact shift A c , which is Fermi contact interaction 
between unpaired electrons of the paramagnetic metal ion and a 
given nucleus in the molecule of interest, results from transfer 
of electron spin density via covalent bond formation from the 
metal ion to the associated . nuclei. The expression for the 
contact shift is given by the following equation
Ac =A£//% = (A/h) <Sz>/(7B0/2c) (11)
where A/h is the hyper fine coupling constant, and is a 
measure of the degree of interaction, <SZ> is the thermal average 
of the component along the field of the electron spin 
magnetization of the paramagnetic ion, 7 is the magnetogyric 
ratio of the nucleus, and B0 is the applied magnetic field.
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For the lanthanide ions, the value of <SZ> in the ground 
electronic state is given by
<SZ> = -6J (J+l)gj(gj-1)BQ/3kT (12)
k is the Boltzman constant, T is the absolute temperature, 6 is 
the Bohr magneton, J is the quantum number for the total angular 
momentum, and gj is the Land g factor
gj = [3J(J+l)-L(L+1)+S(S+l)]/2J(J+l) (13)
L and S are quantum numbers for the orbital angular momentum 
and the electron spin, respectively. Accordingly, the contact 
shift due to the J manifold of the ground electronic state of a 
lanthanide ion is given by(83),
Ac = -27r(A/h)BJ(J+l)gj(gj-l)/3kT . (14)
The relative contact shifts on different nuclei for the same spin 
occupancy is estimated to be^84^
]-H(l) < 13C (9) < 14N (15) < 31P (18) < 170 (24) < 19F(36)
The size of the contact shift experienced by a nucleus falls off 
very rapidly as the number of bonds separating it from the metal 
ion increases. Thus, the contact shift may be used to investigate 
the binding groups of the metal ion, and perhaps to derive other 
information about the metal-1 igand interaction(39).
(iii) The pseudocontact shift arises from through-space 
interaction between the magnetic moment of unpaired electrons and
of the nucleus in question, and is often referred to as dipolar
shift. The pseudocontact shifts from lanthanide ions are 
obtained from the local magnetic field induced by the magnetic
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moment of lanthanide ion^66). For a magnetic nucleus on a site 
(r,0,0) (Figure 2-XII), the pseudocontact shift induced by the 
lanthanide ion is given by(85)
A cp =A V / V 0 = (Xzz-X) (3Cos20-l)/2r3 (15)
+ CXxx”X yy) (Sin20Cos20)/2r3 
where X xx, X yy, andXzz are the principle values of magnetic 
susceptibility tensor and X = (X xx+X yy+ X zz)/3.
Thus, pseudocontact shifts arise from the anisotropy of the 
magnetic susceptibility tensor of the lanthanide ion as bound to 
the ligand molecule(66). If the magnetic susceptibility tensor 
has axial symmetry ( X xx= X yy^ X zz) , the pseudo contact shift is 
given as
A pc = (Xzz-X) (3Cos2e-l)/2r3 (16)
and becomes equal in form to the McConnell Robertson equation^86' 
for the pseudocontact shift induced by transition metal ions.
NUCLEUS
y
Fig (2-XII) Definitions of the spherical coordinates r, 0, and <p 
relative to the metal ion as origin. Z is the direc­
tion of the principal axis of symmetry.
Equation(16) is extremely useful in conformational analysis and 
can be used, if the symmetry is axial, to express the ratios of
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the pseudocontact shift for two nuclei in a given molecule with 
the same lanthanide as follows
A 1 (3Cos26i-l)/r3
"j---------- i------- 3 (I?)
A ’ (3Cos 0j-l)/r
Even if the symmetry is not axial, the pseudocontact shift 
observed is often found to be proportional to an expression of 
the type (3Cos2e-l)/r3 where 6 is the angle between the line 
through a nucleus and the metal ion and the rotation axis^39
Experiments on the lanthanide shift reagents demonstrated the 
pseudocontact shift to be the most important(4 4 ~ 5 6) while the 
contact shift has a small contribution to the induced shift in 
the 1H nmr spectra. The 4fn electrons in the lanthanide ion do 
not to any large extent contribute to covalent bond formation 
between the metal ion and the ligand, therefore, they produce 
very small contact shift which, however, is not always 
negligible(42'57) . In the case of actinides the situation might 
be different as the 5fn electrons are more exposed than the 4fn 
electrons in the lanthanides.
F i s c h e r r e v i e w e d  the observed paramagnetic shifts of U (IV)L4 
complexes, where Aj/^ip predominates over A/yconz and the 
formula in the case of axial symmetry was first adopted by 
Wiendenheft(7 5 ) in the study of these U (IV)L4 complexes, where 
the ligands L were dibenzoylmethane(DBM) , 1-phenyl-1 ,3-hexane-
dione(phd), and 1 ,1 ,1 ,2 ,2 ,2 ,2 -heptafluoro-7,7-dimethyl-4,6 
octanedione(fod). The theoretical ratios for the displacements 
of the chemical shift values for the protons of U (IV)(EDTA) were 
calculated assuming an axially symmetric structure for the
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complex and neglecting the true contact shift contribution(75). 
In further investigations on U (IV)-complexes(4 0) it was suggested 
that the observed paramagnetic 1H nmr shift of (C5H5) 4U was in 
fact strongly dominated by the contact shift contribution, but 
there was an indication of predominant dipolar contribution in 
the (C5H5 )3UC1 shift.
However, Fischer^60  ^ later reviewed the 1H nmr spectrum of the 
paramagnetic uranium(IV)complex (C5H5 )3UCI(cp3UCl) and reported 
the singular proton resonance to appear by some 9.4 ppm to higher 
fields relative to the diamagnetic Th(IV) complex and found it 
impossible to decided whether the increase in the paramagnetic 
shift is caused by increase of contact shift or pseudocontact 
shift or both.
Overall, it is generally agreed that contact shifts for
uranium(IV) appear to be more important in organometallic
compounds(eg, cyclopentadienyl complexes) than in coordination
compounds(eg, 13-diketonate complexes).
2.2.2. Study of Equilibrium Constants in Solution 
bv NMR Spectroscopy
The study of the lanthanide shift reagents in nmr spectroscopy 
has provided a new technique for the measurement of the 
equilibrium constant of a reaction between the lanthanide 
complex(L) and the substrate(S) in solution. Addition of the 
lanthanide shift reagent to a solution of the substrate in a 
normal nmr solvent leads to the formation of an equilibrium 
mixture as follows
L + S 5= = ^  [LS]
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[LS] + S J*-—  [LS2]
where L and S are the concentration of the lanthanide shift 
reagent and the substrate, respectively, [LS] the concentration 
of the complex formed in solution; the ratios of these species 
depends on the and K2 values. K2 is usually assumed
negligible(38) often without adequate evidence. There is also 
evidence of dimérisation of lanthanide complexes in solution 
which will further complicate the analysis of the spectral 
shifts. In the complexed substrate [LS], the nmr positions of 
associated nuclei in the substrate differ from those in the 
uncomplexed state. The equilibrium in solution between these 
species is rapid on the nmr time scale, so that only a single 
average signal is recorded for each nucleus in the different 
environments. The difference of the distances of each nuclei from 
the metal ion cause a differential expansion of the spectrum.
By invoking the pseudocontact interaction, it has been possible 
to estimate the conformational preference of adducts between a 
variety of donor molecules and a lanthanide shift reagent. In the 
case of axial symmetry, the induced paramagnetic shift of a 
nucleus is dependent upon the geometric ratio < (3Cos2G-l)/r3> and 
a comparison of several paramagnetic shifts leads to the average 
structure in solution^46).
In the present work, the chemical shift observed(5A) in the 
nmr spectrum of substrate(S) from the interaction of U (IV) ion in 
U(TTA)4 complex with a substrate S, where S varies between 
compounds containing nitrogen donor atoms or compounds containing
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oxygen donor atoms or both, is used to calculate the equilibrium 
constant K and AB of reaction (1) when n=l.
Solutions containing constant U(TTA)4 concentration and various 
concentrations of the substrate(ligand) were prepared in a 
suitable nmr solvent and 1H nmr spectrum of each solution was 
recorded and the shifts (<5A) in the proton resonances of (bound 
and free) ligand obtained by comparison with the spectrum of the 
free ligand. As mentioned previously, because of the relative 
time scales we do not observe a separated spectrum for bound and 
free substrate.
The chemical shifts obtained ( 6A) were used to calculate K andAB 
graphically by the following equation(38)
S0 (1-6A/AB) = L0 .AB/ S A  - (1/K + LQ) (18)
where L0 Fixed concentration of U(TTA)4
SQ Variable concentration of substrate S 
AB The bound chemical shift of any proton on S 
A value of A B  was guessed to calculate S0 ( 1-6A/AB) , which was 
plotted against 1/6A. The slope(L0 .AB) of the plot was found 
from linear-least square analysis. The new value of A B  was used 
to recalculate S0 (1-<SA/AB) and this replotted against 1/5A.
The process was repeated until the difference in successive 
values of AB was insignificant (less than 1 part in 1000 for both 
slope and intercept). The final value of the intercept was used 
to calculate K.
Another method to calculate K and AB for reaction (1), when n=l, 
was applied using the expression(38)
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<SA = ([LS]/S0).AB (19)
where [LS] = [U(TTA) 4 .S] , with equation (2) for K and the mass 
balance equations (4) and (5).
Using a locally written computer p r o g r a m ( P P D N M R 1 P ) w h i c h  
operated through non-linear least square minimization, it was 
possible to find the best line through the data (<5A,S0) and 
obtain values of K and AB with their standard deviations.
Values of K obtained by both methods using the chemical shifts in 
1H nmr spectra will be compared with those obtained from the 
electronic spectroscopic method.
In view of the study on U(IV)L4 complexes mentioned 
previously(75), it is reasonable to assume that the chemical 
shift in the 1H nmr spectrum of the substrate S caused by the 
paramagnetic shift reagent U(TTA)4 is mainly pseudocontact shift. 
Thus, ratios of A B  will be calculated for each pair of protons 
in a substrate molecule using the expression
AB a (3Cos20-l)/r3 (20)
0 and r will be estimated from the crystal structure data for 
some of the substrates studied.
The ratios obtained will be compared with those calculated using 
the nmr spectra. This comparison may be a good source
of information on the reliability of AB values resulting from the 
two methods using the nmr spectra. From the size of A B  value for 
each proton in the substrate, it is possible to assign the 
atom which is bound to U(IV). In addition, satisfactory 
agreement between ratios obtained from spectral measurements and
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those from crystal structure information may indicate the 
validity of neglecting the contact shift.
The changes in the nmr spectrum of U(TTA)4 with a substrate S 
in solution, has indicated, in some cases, the oxidation of U (IV) 
to U (VI) since as U (VI) is produced the 1H resonances should fall 
back towards the position in the free ligands because U (VI) is 
diamagnetic. This will be demonstrated later in chapter (4).
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3 .1 .  Thermodynamic Considerations
It is well known that U(IV) can be oxidized easily to U (VI) in 
aqueous solutions. This oxidation can be described thermo­
dynamically in terms of the standard electrode potentials (E° ) 
in aqueous solution.
By summing the E° values for two half-reactions an E° value (the 
standard e.m.f. of a cell) for a whole redox reaction can be 
obtained. This E° value can be used to determine the 
feasibility of a reaction occurring spontaneously. At constant 
temperature and pressure, there must be a decrease in the free 
energy of the (closed) system. Thus (AG°)t,p<0 where AG° is the 
standard free energy change. AG° is related to E° by the 
expression A G 0=-nFE°,
where n is number of electrons involved in the reaction and F is 
Faraday's constant. In order for AG° to be negative E° must be 
positive, and thus redox reactions having a positive value of E° 
will occur spontaneously-although the rate at which it occurs 
cannot be determined in this manner. In turn ’A G 0 is related to 
the equilibrium constant for the reaction through AG° = -RTlnK.
The standard electrode potential for the half-reaction involving 
the oxidation of U (IV) in acidic(Imol.dm” 3 HCIO4 ) solution (ie, 
U4+ + 2H20 = U022+ + 4H+ + 2e”) has a value of -0 .334v(1) .
This half-reaction is a thermodynamically irreversible process 
in a cell since oxygenated uranium(VI) products are formed. This 
value is relatively small and thus the reaction can be effected 
by a wide range of oxidizing species. U (IV) can be oxidized to 
U (VI) in aqueous solution by, for example, iron(III), bromate
-77-
Br03”, bromine, hydrogen peroxide, thalium(III) and molecular 
oxygen as well as by other actinide ions such as neptunyl(V) 
Np02+ , plutonium(IV), and plutonyl(VI) Pu022+. Table(3-1) shows 
the relevant half-reactions for these species, the associated 
potentials E°y % and the redox potential for the reaction with 
U (IV),E"Redox-
Table (3-1): Some Relevant Redox Potentials
HALF-REACTION* e °h .R (volt) E °Redox(volt)
02 + 2H+ + 2e = H2 0 2 + 0 . 682 + 0.348
H202 + H+ + e = OH + H20 + 0.720 + 0.386
Np02+ + 4H+ + e- = Np4+ + 2H20 + 0.750 + 0.416
Fe2+ + e- = Fe2+ + 0.771 + 0.437
Pu 022+ + e~ = PU02+ + 0.930 + 0.596
Pu4+ + e~ = Pu3+ + 0.970 + 0.636
Br2 (l) + 2e~ = 2Br” + 1.0652 + 0.7312
Tl3+ + e" = Ti+ + 1.250 + 0.916
Br03 + 6H+ + 5e °Br2 + 3H20 + 1.520 + 1.186
* By E° for H+ + e °H2 (g)= 0
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3 . 2 . Kinetic Considerations
The kinetics of these reactions have been studied by various 
workers. In terms of a reaction mechanism, it is usually not 
possible to detect the formation of any U (V) species especially 
using spectrophotometry. Uranium(V) has very limited stability in 
aqueous solution(see chapter 1). A few typical examples are now 
discussed further.
The oxidation of U(IV) by bromine has been studied in perchloric 
a c i d ^ . The reaction followed the rate law 
-d[U(IV)]/dt = k[U(IV)][Br2 ]/[H+ ]2 
and was strongly catalysed by Fe(III). The dependence of rate on 
the acidity was postulated to be due to the pre-equilibrium,
U4+ + 2H20 ===±- U(OH)22+ + 2H+
whilst the catalysis was presumed to involve reduction of Fe(III)
by U (IV). This latter reaction was studied by Betts(3). At 
constant acidity and ionic strength the reaction was found to be 
first order in both Fe(III) and U(IV), ie,
-d[U(IV)]/dt = k* [Fe(III)][U(IV)]
Once again , increasing acidity was found to have a retarding 
influence and a plot of log[H+ ] against logk* indicated a -1.8- 
order dependence on hydrogen ion concentration. The reaction was 
greatly accelerated by HS04~ ions(4^. This has been attributed to 
the participation of sulphate complexes of both reactants,e.g,
U4+ + HS04~ 5==5s US042+ + H+
Fe3+ + HS04" Fe(S04)+ + H+
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Sullivan et al(^) studied the oxidation of U (IV) by Np(VI) in 
aqueous perchloric acid and found the rate law to be . .
d[Np02+ ]/dt = 2k'[Np02 2+ ][U4+ ]/[H+ ] 
suggesting the scheme
U4+ + H20 = = ss UOH3+ + H+
Np022+ + UOH3+ k2 , Np02+ + U(V)
Np022+ + U(V) rapid , Np02+ + U022+
where k 1=K1k2.
The oxidation of U(IV) by Tl(III) . follows a simple second- 
order (overall) rate law^6).
-d[U(IV)]/dt = [U4+ ]£T13+ ](k1 [H+ ]_1+k2 [H+]"2)
The second-order rate constant k' , was found to be inversely 
dependent on HC104 concentration and when fitted to an empirical 
rate law of the form
-d[U(IV)]/dt = k[U(IV)][Tl(III)][H+ ]-n 
n was found to range from 1.48 at 160C to 1.39 at 25°C. The non­
integral inverse order in H+ was interpreted as arising from the 
availability of two simultaneous pathways involving hydrolysed 
species(UOH3+ and/or T10H2+). The reaction was inhibited by Cl” 
ions whereas S042” enhanced the rate. The addition of small
amounts of Cu(II) and Hg(II) (as their perchlorates) or Ag(I) 
had little or no effect on the rate of oxidation. This
indicates that no chain reaction process occurred(see below).
The oxidation of U (IV) by Pu( I V ) o b e y s  the rate law 
-d[Pu(IV)]/dt = k[Pu4+ ][U4+ ]/[H+ J2 
where the rate is first order in each of the reactants and
influenced strongly by the hydrogen ion concentration, depending
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inversely on the square of the concentration. The kinetics of 
the rate-determining reaction is described by a net activation 
process which is thought to be
Pu4+ + U4+ + H20  ---► (PuOU6+)t + 2H+
where the symbol (PuOU^+) -f- stands for the activated complex. 
This reaction is catalysed by the sulphate ion, as the presence 
of small amounts of H2S0 4 greatly increases the rate of the
reaction.
For the oxidation of U(IV) by Pu(VI), N e w t o n p r o p o s e d  the 
mechanism
Pu(VI) + U(IV) k , Pu(V) + U(V) 
followed by
Pu(VI) + U(V) rapid * Pu(V) + U(VI)
or 2U(V) r-Rid » U(IV) + U(VI)
Again, the rate of reaction decreased with increased hydrogen 
ion concentration and it appears that two activated complexes
are involved in the reaction:
Pu022+ + U4+ + 2H20  ► (H20U0HPu025+)* + H+
and Pu022+ + U4+ + 2H20 ----► (H0U0HPu024+)+ + 2H+
The oxidation of U(IV) by bromate ^9 ^ was found to follow two 
paths in acid perchlorate or nitrate media, and it obeys the 
rate law
-d[U(IV)]/dt =k2 [U(IV)][Br03“] + k4 [U(IV)][Br03 “][H30+ ]2
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3 . 3 . Oxidation bv Molecular Oxygen 
fa) Aqueous solution
Some studies dealing with the kinetics of the oxidation of U (IV) 
by molecular oxygen have been made in aqueous media. Halpern and 
Smith(10) studied this reaction in an aqueous perchloric acid 
medium. They found the oxidation reaction to be very dependant on 
the acid concentration. For example, at 30°C with p02=0.96 atm., 
ti/2 was found to be approximately 12 min at [HC104 ]=0.1 mol.dm-3 
whilst at [HC104 ]=0.3 mol.dm” 3 , t1y 2 was found to be
approximately 3 3 minutes. The rate of oxidation was therefore 
found to vary inversely with the concentration of acid used. They 
also found that Cu2+ had a catalytic effect whilst Cl” and Ag+ 
both inhibited the reaction. As a result of their investigation 
they proposed the radical chain mechanism shown below:
Rapid pre-equilibrium:
U4+ + H20 U0H3+ + H+
Initiation step:
U0H3+ + 02 + H20 kl , U02+ + H02 * + 2H+
Chain propagation steps:
U02+ + 02 + H20 k2 r U022+ + H02* + OH"
H02" + U0H3+ + H20 k3 r U02+ +'H202 + 2H+
Termination step:
U02+ + H02 " + H20 k4 , U022+ + H202 + OH”
Fast reaction:
U4+ + H202 k5  ^U022+ + 2H+
using the steady-state method for H02 . and U02+ , the following 
rate law has been derived
-d[U(IV)]/dt = 2k1K{l+(k2k3/k1k4)1/2}[u4+][02]/[H+ ]
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The marked catalytic influence of Cu2+ was explained through 
reactions which generated U02+ and H0 2 " and thus caused chain 
reactions:
Cu2+ + UOH3+ + H20 ----► Cu+ + U02+ +3H+
Cu+ + 02 + H+ ----► Cu2+ + .H02 *
The inhibiting effect of Cl” was accounted for by reaction 
between Cl” and the chain carrying species U02+ and H02 " which 
result in disruption of the chain:
U02+ + Cl” + 2H20  ► UOH3+ + Cl* + 3OH”
HO 2 + Cl” + H20  ► H2°2 + Cl* + OH”
U02+ + Cl*  ► U022+ + Cl" + H+
H02 + Cl*  ► 02 + Cl" + H+
A similar explanation was advanced for the inhibition due to Ag+ , 
which can disrupt the chain through the following reaction:
U02+ + Ag+ --- ► U022+ + Ag
H02* + Ag+ --- ► 02 + H+ + Ag
It would appear that radical processes in uranium(IV) oxidation 
are limited to systems capable of generating oxygen containing 
radicals such as H02" (eg hydrogen peroxide or molecular oxygen).
Gordon and Taube^11  ^ studied the oxidation of U(IV) in aqueous 
solution by gaseous 02 using 180 tracers. They found that only 
one oxygen atom in the U022+ product was derived from the 02 
oxidizing agent. At the same time nearly all the labelled oxygen 
from the 02 was found in the bound form in U022+. Thus, whilst 
Halpern and Smith had observed the reaction to be first order 
both in U4+ and 02, Gordon and Taube concluded that the final 
products could not be formed by a simple process which was first 
order in each of these species.
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Fallab(12) agreed that the distribution of labelled oxygen found 
by Gordon and Taube was incompatible with the mechanism of 
Halpern and Smith and thought that reactions involving 2-electron 
steps were more likely: UOH3+ would react in the rate-determining 
step to give a U (IV)-peroxo compound which would then undergo a 
rapid secondary reaction with further UOH3+, ie:
UOH3+ + 02 ----► U(02 )0H3+
U(02 )0H3+ + UOH3+ ---► 2U022+ + 2H+
A comparison of the results for the oxidation of U(IV) ions in
sulphuric acid obtained by Juznic and Fedina^13) with those in
perchloric acid^10) shows a large difference in rate constants 
and in the catalytic action of metal ions present in the system. 
The overall oxidation reaction is the same in both media, ie:
2U4+ + 02 + 2H20 = 2U022+ + 4H+ 
and in both cases U(IV) and U022+ were the only uranium species 
which were found spectrophotometrically. In sulphuric acid the 
reaction was observed to be first order with respect to U (IV) 
ions only in certain concentration regions. The rate constant 
was found to depend also on the initial U(IV) ion concentration 
and that uranyl ions catalysed the reaction. This is in contrast 
to the reaction in perchlorate media where the uranyl ions formed 
inhibit the reaction. The influence of acid concentration on the 
rate was similar in all oxidations of U(IV) ions, with increasing 
acid concentration decreasing the rate of reaction. A similar 
dependency of the rate on partial pressure of oxygen was also 
found. A comparison of the rate constants obtained for reactions 
in perchlorate and sulphate media indicates that the acids play
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an important role in the reactions. Sulphate or bisulphate 
anions are able to form anionic complexes with U (IV) . This 
causes a reduction of the UOH3+ concentration (which is directly 
involved in the reaction) and thus a much lower rate constant. 
The much slower oxidation of U(IV) in sulphate relative to 
perchlorate could be ascribed to the different abilities of 
anion-U species in these media to form peroxy compounds, which 
may be due to different degrees of hydration.
The oxidation of U(IV) by hydrogen peroxide in perchloric acid 
was found to be second order overall^14^, with slight catalysis 
by dissolved 02 being evident. Mild retardation by Cu(II) and 
Co(II) indicated at least partial chain character.
(b) Organic Solvents
There are fewer research reports dealing with the oxidation of 
uranium(IV) in non-aqueous solvents.
Juznic and Seregacnike(15) studied the reaction between 
[TOAH]2 [U(S04 )3 ] and air, as oxygen, in toluene. Because of the 
method of preparation of the U(TOAH)2 .(S04 ) 3 solutions, a small 
amount of water was also present. Uranium(IV) was extracted
from an aqueous sulphuric acid phase into a toluene solution of 
trioctylamine(TOA) through the reaction:
2T0A + 2H+ + U(IV) + 3S042“ _ (TOAH)2U(S04 ) 3
(where barred species are present in the organic phase)
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From plots of l/cÇ(IV)j against time they concluded that the 
reaction 2U4+ + 2H20 + 02 = 2U022+ + 4H+ was second order with 
respect to uranium. The rate was shown to be linearly dependent 
on the total oxygen pressure and the following rate law was 
derived:
dC(U4+)/dt = kC2 (U4+).P02 
The activation energy obtained, E^=51.9±5.0 kJmol-1 was 
appreciably lower than that for the reaction in aqueous 
solution. K r o p f e x p l a i n e d  the lowering of EA for some
oxidation reactions in organic media in the presence of metal 
chelates as being due to the intermediate formation of a 
coordination complex between oxygen and the metal ion. Juznic 
et alf-*-^ ) suggested that a similar intermediate may be formed 
between U(IV) and oxygen.
Table(3-II) shows the second order rate constant and half-lifes 
for the reaction at different P02 and concentration of water, 
the temperature being 56°C. Increasing the water concentration 
decreased the rate of reaction which may indicate that water 
competes with oxygen in the formation of coordination complexes 
with the metal ion (but see later).
Table (3-II): Second order rate constants( and half-lifes 
at different P02 and [H20], T=56°C
P02(mm Hg) [H20](mol.dm"3) k (mol"1 .min-1. atm”1) t°(min)
622 0.04 4.00 12.5
130 0.04 5.40 9.2
622 0.36 0.50 1 0 0 . 0
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Busch et al(17) studied the oxidation of U (IV) as the thiocyanate 
U (SCN)4 by oxygen in ethanol. Their results indicated the 
reaction to be first order with respect to U (IV) in direct 
contrast to the results of Juznic and Seregacnike(15). However, 
the pseudo-first order rate constant, kobg, was found to be 
proportional to 1/V[U]°, where [U]° is the initial concentration 
of uranium, over the concentration range studied. This is similar 
to the observation of the reaction in aqueous sulphuric acid, 
where kobs for the oxidation of U(S04 )2 was found to depend on 
the initial uranium concentration(14 ^ . It was also found that 
first order kinetics with respect to uranium were not applicable 
in the later stages of the reaction. These observations show 
that the oxidation by molecular oxygen is not a simple first 
order process with regard to uranium(IV) in keeping with results 
from aqueous solution.
Sostero et al^18) studied the photolysis of [UL4] (where 
HL=acetylacetone or dibenzoyl methane) in acetonitrile and 
dichloromethane using visible light( X >500 nm) . No indication of 
the order of the reaction was given.
Irridation of degassed solution caused no appreciable oxidation. 
Photolysis of aerated solutions, however, generated absorption in 
the 400-500 nm region characteristic of [U02 ]2+ and they were 
able to isolate [U02L2] from these solutions as well as the 
protonated ligands, HL.
The production of [U02L2] was thought to arise from an oxidative- 
addition reaction in which a molecule of oxygen adds to eight 
coordinated [UL4] complexes to form an unstable intermediate.
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Nmr profiles of thg reactions indicated that a partial release of 
the ligand occurred in the slower second step of the reaction, 
which led to the mechanism shown below being proposed.
[UL4] hn r [UL4]*
[UL4 ] * + 02 slow , [L4UV I <;T]
[L4UVI^T] fast, [U02L2] + 2L“
2L“ + CHgClg fast t 2HL + products
We will confirm in chapter 5 that nmr spectroscopy can be used to 
provide evidence of oxidation in certain systems.
In summary, the rate of oxidation of uranium (IV) in an organic 
solvent by molecular oxygen may depend upon (i) the partial 
pressure of oxygen, (ii) the initial concentration of 
uranium(IV), (iii) the water concentration, (iv) the nature of 
the solvent, and, possibly (v) visible light. The effect of an 
added coordinating substrate is unknown.
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3 . 4 . Aim o f The Present Work
It was anticipated that some oxidation of uranium(IV) by 
molecular oxygen in organic solvents might occur. Since our 
substrates were not themselves oxidising agents, oxidation by 
atmospheric oxygen was the most likely reaction. The aim of the 
work was therefore :
To investigate the rate of oxidation in order to design 
experiments for the determination of equilibrium constants of 
uranium(IV) complexes in which the possibility of oxidation was 
minimised. Both degassed solutions and ones which were prepared 
in the atmosphere would be investigated.
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3. 5 .  Experimental
3.5.1. Effect of UfTTAl  ^ Concentration on Oxidation Rate
A stock solution of U(TTA)4 in benzene was prepared by adding 
benzene(10 ml) to U(TTA)4 (0.02215g) in a volumetric flask. The
solution was heated gently with a hot air blower until all the 
U(TTA)^ had dissolved. Portions of this solution were diluted 
further with benzene, giving solutions of four different 
concentrations. Samples of these solutions were placed in silica 
cells (1 cm pathlength) and their electronic spectra (between 
400-500 nm) were recorded using a Pye-Unicam SP8-100 
spectrophotometer. Spectra were obtained immediately after 
preparation of the solution and at regular intervals afterwards.
3.5.2. Effect of Ligand Type on Oxidation Rate
Solutions of U(TTA)4 (« 4.6xl0-3 -5.2xl0“ 3 mol.dm”3) were prepared 
in benzene and acetone. To portions of these solutions were 
added a variety of ligands. The electronic spectra of these 
solutions were recorded immediately after preparation and at 
regular intervals afterwards.
3.5.3. Effect of ligand Concentration on Oxidation Rate
Solutions of U(TTA)4 («4.83xl0”3-4.85xl0”3 mol.dm”3) were
prepared in benzene and acetone. To portions of these solutions 
were added different amounts of l,3-dimethyl-2 -imidazolidinone 
(2.7xl0”2- lO.lxlO” 2 mol.dm”3). The electronic spectra of these 
solutions were recorded immediately after preparation and at 
regular intervals afterwards.
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3.5.4. Effect of Solvent Type on Oxidation Rate
Solutions of U(TTA) 4 («4.83xl0“3-4.85xl0"“3 mol.dm”3) were
prepared in benzene and acetone. The electronic spectra of these 
solutions were recorded immediately after preparation and at 
regular intervals afterwards.
3.5.5. Effect of Air on Oxidation Rate
A stock solution of U(TTA)4 in benzene was prepared by adding 
benzene (25 ml) to U(TTA)4 (0.00679g) in a volumetric flask. A
portion(10 ml) of this solution was deoxygenated using the 
nitrogen line(see section 3.5.6) and added to a deoxygenated 
solution of 1 ,3-dimethyl-2-imidazolidinone(44 fil) . Another 
portion(10 ml) of the stock solution was added to a solution of 
1,3-dimethyl-2 -imidazolidinone(44 fil) prepared in open air. The 
electronic spectra of the two solutions were recorded immediately 
after preparation and at regular intervals afterwards.
3.5.6. Use of the Nitrogen Line
Nitrogen(white spot) was passed from a bank of cylinders through 
a glass column 50cm in length and 5cm in diameter containing 
chromium(II) deposited on finely divided silica. This removed 
residual oxygen. Moisture from the nitrogen may be removed by 
passing the gas through a column containing molecular sieve 4A. 
The nitrogen entered the vacuum line at tap A and the flow was 
controlled by a needle valve[Figure(3-1)]. The apparatus 
used[Figure(3-II) ] was attached to the line at joint Z by rubber 
tubing. The U(TTA)4 solution was placed in the cylinder and the 
ligand solution was placed in the silica cell and degassed. The
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U(TTÀ)4 solution was frozen using liquid nitrogen. The system 
was evacuated and flushed with nitrogen, the U(TTA)4 . solution 
being allowed to melt. This procedure was repeated twice more. 
The U (TTA) 4 solution was mixed with the ligand in the cell by 
tilting the apparatus. The cell was removed at joint B and the 
electronic spectrum of the solution was obtained.
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Figure(3-II) The apparatus connected to the nitrogen line to 
get the degassed mixture of U(TTA)4 solution and the 
ligand into the silica cell for the electronic 
spectroscopy.
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3 . 6 . Results and Discussion
Uranium(IV) complexes generally absorb between 655-665nm, whilst 
uranium(VI) do not absorb over this range. The absorbances of the 
solutions shown in Table(3-III) were measured immediately after 
preparation. A plot of absorbance against concentration showed 
that Beer's law was obeyed. Therefore by measuring changes in 
absorbance at these wavelengths, it was possible to obtain the 
rate at which U (IV) was converted to U (VI). Figure(3-III) shows 
typical changes in the electronic spectra(720-610nm) of a U(TTA)4 
solution with time for solutions prepared in air. Table(3-III) 
shows the results obtained for the effect of U(TTA)4 
concentration on oxidation rate.
Table(3-III) The effect of U(TTA)^ concentration on the 
percentage of oxidation(benzene solution).
Concentration of Decrease in absorbance (%) Absorbance
UjfTTA) 4 after after after at t =0
(xlO mol.dm ) 1 hr 5 hrs 30 hrs X =660nm
1.13 —  — 16.0 33.0 0.008
2.26 —— 8.0 26.0 0.019
9.87 —— 4.5 1 1 . 0 0 . 1 0 0
19.74 — —* 4.0 8.7 0 . 2 1 0
48.50 0.73 1.64 — 0.520
As can be seen from Table(3-III) , increasing the initial 
concentration of U(TTA)4 causes a decrease in the percentage of 
oxidized U(IV). In order to establish a relationship between the 
initial U(IV) concentration and the rate of oxidation, the % 
decrease in absorbance after 5hrs was plotted against l/V[U]°. 
This plot is shown in Figure(3-IV). The linear relationship
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observed is similar to that reported by Busch et al for the
oxidation of U (SCN)4 in ethanol.
XI0-1
0.80
0.18
0.17.
0.01
610 632 651 676 698 720
Wavelength (nm)
Figure(3-III) Changes of U(TTA)4 absorbances with time.
[U(TTA)^] in benzene = 2.255x10" M
Table(3-IV) shows the results for the experiments carried out in 
air with the effect of ligand type on the U(TTA)^ oxidation. It 
can be seen from this table that . with few exceptions the 
percentage of oxidation was relatively uneffected by the type of 
ligand or solvent used. The oxidation was in the range of 0.4- 
1 0 % in benzene and 0 .2-1 0% in acetone after approximately one 
hour.
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Figure(3-IV) The relationship between the initial concentration 
of U(TTA)^ and the rate of oxidation
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In the case where significant oxidation was observed after Ihr, 
the increased rate of oxidation must be in some (unknown) way 
attributed to the ligand, as in the absence of a ligand at a 
similar initial concentration of U(IV) the decrease in 
absorbance observed was 0.73% for a benzene solution[Table(3- 
III)]. These results contrast sharply with those of Juznic et 
ai(15) where the potential ligand H2 0 caused a decrease in the 
rate of oxidation when the water concentration was increased. 
Our results suggest that nine-coordination complexes are more 
susceptible to oxidation than the eight-coordinated U(TTA)4 in 
benzene.
Removal of air from U(TTA)4 and 1 ,3-dimethyl-2-imidazolidinone 
solutions in benzene (2.42xl0“4, 4.02x10""*2 mol. dm” 3
respectively) was found to reduce the percentage of U(IV) 
oxidation from 100% to 47% after 2.5hrs. However, oxidation was 
not totally prevented. The reasons for this are unclear but it 
is likely that the ligand plays some role, as was previously 
observed.
The decrease in absorbance of benzene and acetone solutions of 
U (TTA) ^  in air with time was observed and the results obtained, 
listed in Table(3-V) and plotted graphically in Figure(3-V), 
show that more oxidation takes place in acetone than in benzene. 
This could be attributed to the degree of coordination of U (IV) 
in both solvents. Figure(3-VI) shows the electronic spectra of 
U(TTA)4 in benzene and in acetone over the range between 720 and 
620 nm. By comparing the position of Amax and the absorption 
profile of these spectra with those of U(TTA)4 spectra in
-101-
benzene in presence of varying concentrations of TPP0[Fig(2-Xa) 
in section (2.1.3)], it can be seen that U(IV) is 8 -coordinate 
in benzene ( Amax= 660nm)and 9-coordinate in acetone (Amax
k
=665nm) . Solutions saturated with respect to oxygen and^ / water
U/0
in benzene and ^  acetone (room temperature and atmospheric 
pressure) contain 0.04* and 0.2** % water respectively and
oxygen mole fractions of 0.85xl0-3 and 0.86xl0-3 at room 
temperature and pressure respectively(19). It is therefore 
unlikely that different concentrations of water and oxygen in 
the two solvents are responsible for the different rates of 
oxidation.
Table (3-V): The effect of solvent type 
on rate of oxidation.
Time Decrease in absorbance (%)
(minutes) [U(TTA)4]= 
4.85x10 m.dm
[U(TTA)4] = 
4.83x10 m.dm
in benzene in acetone
10 0 . 0 0 —  *
20 0.18 -
30 0.55 0.74
60 0.73 2.77
90 0.91 4.25
150 1.09 7.02
300 1.64 17.56
1365 —— 44.00
The reaction between U (TTA)4 and 1,3-dimethyl-2-imidazoli- 
dinone(DMIdinone) has an equilibrium constant K=1820 mol” 1 dm3 
in benzene (chapter 4) . At the concentration of DMIdinone and 
U(TTA)4 used ( U = 4.85xl0”3mol.dm-3, DMIdinone = 2.70xl0”2 )
the complex U (TTA)4 .L is almost fully formed(97-99%), and is 9- 
coordinate.
* This value was obtained by Karl Fischer Titration.
** This value was obtained by Gas Chromatography,DANI 3800 TC.
-102-
Figure(3-VII) shows the variation in the electronic spectra of 
U(TTA) 4 in benzene with time in the presence of DMIdinone. The 
position of Alnax at 665nm and the absorbance profile confirms 
the 9-coordinate nature of the complex. The changes in U(TTA)4 
absorbance with time in benzene and in acetone in the presence 
of varying concentration of DMIdinone are plotted against time 
and shown in Figures (3-VIII) and (3-IX) respectively. These 
plots are not smooth curves and are characterised by a slower 
reaction in the first hour followed by a period(60-300 mins) in 
which the rate accelerates. The th values for these reactions 
are listed in Table(3-VI) . Two points can be noted from this 
table. Firstly, increasing ligand concentration decreases the 
half life of the reaction, although no simple relationship 
between ligand concentration and the rate of oxidation could be 
found. Secondly, in the presence of the ligand(ie, when U (IV) is 
9-coordinate in both benzene and acetone) the rate of oxidation 
is independent off solvent type.
Table(3-VI) The th values for the reaction between U(TTA)4 
and different concentrations of DMIdinone
[DMIdinone] 
mol.dm-3
[U(T:
t=0
pa)4]
aJ
t=2 0
(xlO" 3 
: (i 
t=60
mol. dm" 
nin) 
t= 1 2 0
~3) in 1 
t=3 00
Denzene
t=1275
t h (hr)
2.70X10-2 
5.SOxlO-2 
lO.lxlO" 2
4.85
4.85
4.85
4.81
4.77
4.76
4.54
4.25
4.09
4.07
3.25
2.78
2 . 8 8
1.47
0.762
1.96
0.0631
0.0
1 1 . 8
3.2
1.4
[DMIdinone] 
mol.dm-3
[U(TC
t=0
PA)4]
at
t= 2 0
(XlO-3 
ti (m; 
t=60
mol. dm"
Ln)
t= 1 2 0
"3) in c 
t=3 00
icetone
t=1365
t h (hr)
2.7 OxlO-2 
5.50X10-2 
1 0 .1x10 2
4.83
4.83
4.83
4.71
4.62
4.50
4.49
3.96
3.60
4.12
2.99
2.56
3 . 04 
1.54 
1.08
1.97
1.08
0.256
13.0 
3 . 2 
2 . 0
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Figure(3-V) Decrease of absorbance in benzene and acetone 
U(TTA) a solutions
(a) [U(TTA)4] in benzene = 4.86x10";? M.
(b) [U(TTA)4] in acetone = 4.83xl0~3 M.
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Figure(3-VI) Electronic spectra of benzene and acetone U(TTA)4 
solutions in the range 710-610 nm.
(a) [U(TTA)4] = 4.60x10-3 M
(b) [U(TTA)4] in acetone = 4.77xl0" 3 M
An attempt was made to fit the data from these experiments to
first and second order kinetic processes for uranium(IV) by
plotting log(Ct/Co) and 1/Ct against time(where Co is initial 
concentration of U(IV) and Ct is the concentration at time,t). 
Non-linear plots were obtained in all cases except for the 
log(Ct/Co) against t plot for the oxidation of U (TTA) 4 in
acetone in the absence of the second ligand. This is shown in
Figure(3-X) . The plot was linear in the early stages of the 
reaction which is in good agreement with the observations of 
Busch et al . The value of kobg obtained from the linear 
portion of the plot was 1 .2xl0 ” 4 sec_1mol”1/ 2dm3/ 2 and it
—105—
compares with the value^17  ^ of 2.25x10 4 sec“1mol“1/2dm3/ 2 from 
the oxidation reaction of U(SCN)4 in ethanol.
log[U(IV)]t/[U(IV)]. = (2.303)—1 kobs [U(IV)].~1/2 t
Our preliminary results agree neither with those of Juznic et 
ai(15) who found a second order dependence on [U(IV)]t nor, 
except one example, with those of Busch et al^17) where pseudo- 
first order kinetics were found in the early stages of the 
reaction.
In conclusion, the result of this study suggests that the 
mechanism of the oxidation of U (IV) in non-aqueous solvents is 
extremely complicated and requires a much more detailed study. 
In addition to investigating the parameters mentioned above the 
possible effect of light^18  ^ should also be noted. In our study 
the rate of oxidation was suspected to depend on exposure of the 
samples to light in some cases. However, the aim of the present 
study was to define the best conditions for measurement of the 
equilibrium constant for the reaction between U(TTA) 4 and 
various ligands. From the results obtained it would appear to 
be preferable that the reaction be carried out in under one 
hour, and that high uranium and low ligand concentrations be 
used to minimize the effect of oxidation. Independent checks on 
the validity of the results obtained are also required. Evidence 
for oxidation should be investigated in appropriate cases.
In view of the complexity of the experimental technique there is 
likely to be little advantage in working with deoxygenated 
solutions and this was discontinued in subsequent 
investigations.
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Fig(3-VII) Variation of electronic spectrum of U(TTA)4 in 
benzene solution{[U(TTA)4 ]=4.6xl0~ 3 M} in presence 
of 1 ,3-dimethyl-2-imidazolidinone 
{[dimeimdinone]=4.57x10” M).
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Fig(3-VIII) Effect of dimeimdinone concentration on the 
decrease of absorbance of U(TTA)4 in benzene. 
[U(TTA)4]=4.85x10 M.
(a) [L] = 10.1 x 10”  ^m.dm”;?
(b) [L[ = .5.5 x 10”; m.dm ;
(c) [L] = 2.7 x 10” 2 m.dm” 3
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Fig(3-IX) Effect of dimeimdinone concentration on the 
decrease of absorbance of U(TTA)4 in acetone. 
[U(TTA)4]=4.83x10 M.
(a) [L] = 10.1 x 1 0 ~Z m.dm”^
(b) [L[ = 5.5 x 1 0 " 2 m.dm]3
(c) [L] = 2.7 x 10" m.dm"
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Fig (3-Xa) The relationship between dimeimdinone concentration 
and the rate of oxidation in benzene considering 
first order kinetic process for U (IV).
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Fig (3-Xa)1 The first 4 points in Figure(3-Xa) on larger scale.
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Fig (3-Xb) The relationship between dimeimdinone concentration 
and the rate of oxidation in benzene considering 
second order kinetic process for U (IV).
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Fig (3-Xb) 1 The first 4 points in Figure(3-Xb) on larger scale.
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Fig (3-Xc) The relationship between dimeimdinone concentration 
and the rate of oxidation in acetone considering
 ^^jirst order kinetic process for U (IV) .
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Fig (3-Xd) The relationship between dimeimdinone concentration 
and the rate of oxidation in acetone considering 
second order kinetic process for U(IV).
- 1 1 2 -
3.7. References
1. Latimer, W.M, The Oxidation States Of The Elements And Thier
Potentials in Aqueous Solutions, Second Edition, Publisher,
Prentice-Hall,Inc, 1952.
2. Gordon, G, and Andrewes, A, Inora. chem. . 1964, 3., 1733.
3. Betts, R.H, Can.J.Chem.. 1955, 33, 1780.
4. Mine, S, Sobkowski, J, and Stok,M, Nukleonika, 1965, 10, 747.
5. Sullivan, J.C, Zielen, A.J, and Hindman, J.C, J . Am. Chem.
Soc.. 1960, 82, 5288.
6 . Harkness, A.C, and Halpern, J, . J .Am.Chem.Soc.. 1959, 81,
3526.
7. Newton, T.W, J .Phvs.Chem.. 1959, 63, 1493.
8 . Newton, T.W, J .Phvs.Chem., 1958, 62, 943.
9. Bamford, C.H, and Tipper, C.F, Comprehensive Chemical
Kinetics, Volume 7, p.442, Publisher, Elsevier Publishing
Company, 1972.
10.Halpern, J, and Smith, J.G, Can.J .chem. . 1956, 34., 1419.
11.Gordon, G, and Taube, H, Inora.Chem., 1962, 1, 69.
12.Fallab, S , Anaew.chem.internet .Edit.. 1967, 6, 496.
13.Juznic, K, and Fedina, S, J .Inora.Nucl.Chem., 1974, 36, 2609 .
14.Baker, F.B, and Newton, T.W, J .Phvs.Chem. . 1961, 65., 1897.
15.Juznic, K, and Senegacnik, M, Inora.nucl.chem.Letters.,
1975, 11, 349.
16.Kropf, H, Liebias Ann.Chem., 1960, 637, 73.
17.Busch, B.J.M.A, Du Preez, J.G.H, Gerber, G.J, Rohwer, H.E,
and Van Vuuren,C.P.J, Inora.Chim.Acta., 1977, 24, L87.
18.Sostero, S, Traverse, O, Magon, L, Zanella, P, and Siebona,
G, J.Chem.Soc.Dalton Trans., 1980, 8 , 1324.
19.IUPAC, Solubility Data Series, Volume 7, Publisher, Pergamon 
Press,1981.
-113-
CHAPTER 4 : MATERIALS AND METHODS
page
4.1. Materials 115
4.2. Preparation of Tetrakis(thenoyltrifluoroacetonato)-
uranium(IV), U(TTA)^ l i e
4.3. Measurement of Equilibrium Constant 117
4.3.1. Electronic Spectroscopy 117
4.3.2. NMR Spectroscopy 118
4.3.3. Measurement of Equilibrium Constant of Water u s
4.4. Deoxygenation Procedures 120
4.5. Nitrogen Box 121
—114 —
4.1. Materials
4-Picoline(115-116 °C, water pump, BDH), dibutylbutylphospho- 
nate(84-90°C, 0.068-0.07 atm, K+K Labs), tri-n-butylphosphate
(88-90 ° C, 15-20 mmHg, BDH), l-benzyl-2 -methylimidazole (125- 
127 ° C , 3mmHg, Aldrich), 1-methylimidazole (74 °C, water pump,
Aldrich), were purified by distillation at the temperature and 
pressure shown.
4-Toluidene was recrystallised from petroleum ether(40-60).
TriethyIphosphate(BDH,98% ,GPR), N-cyclohexyl-2-pyrrolidinone
(Aldrich, 99%), 4 -aminophenazone(BDH, 99%, Analar), pyridine 
(BDH, 99.5%, Analar), 3 ,5-lutidine(Aldrich, 98%), 3 ,4 -lutidine 
(Aldrich,98%), 2,4,6-collidine(Aldrich, 99%), aniline(BDH,
99.5%, Analar), 3-chloroaniline(Aldrich, 99%), 4-dimethyl- 
aminoantipyrine(Aldrich, 97%), 1 ,2-dimethylimidazole(Aldrich,
98%), 1,benzyl-2-pyrrolidinone(Aldrich, 99%), 1,3-dimethyl-2-
imidazolidinone (Aldrich, 98%), l,benzylimidazole(Aldrich,
99%) , 4-nitroaniline (BDH) , U02 . S04 . 31£h20 (BDH) , HTTA(Aldrich,
99%), benzene(BDH, Analar), acetone(Fisons/BDH, Analar), 
benzene-d6 (Merck, 99.6 atom % D) , acetone-d6 (C.E.N, 99.8 % D) ,
were all used as supplied. Other materials were reagent grade.
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4.2. Preparation Of Tetrakisfthenovltrifluoroacetonato)- 
uranium(iV). U(TTA)4
U02 .S0 4 .3^H2 0 («3 .7 5g) was dissolved in hydrochloric acid(50mi 
,0.2M). This solution was poured over zinc/mercury amalgam in a 
250ml Quickfit conical flask. The solution was shaken for about 
15 minutes until it became the characteristic green of U(IV).
The solution was decanted away from the amalgam, into a beaker, 
before adding CsCl(3g). Concentrated HC1(100ml) was added before 
saturating the liquid by bubbling HC1 gas through it.
On cooling, green crystals of Cs2UCl6 appeared, which were 
removed by suction filtration, washed with ethanol and dried for 
6 hours.
Theonyltrifluoroacetone(HTTA, 1.23g) was dissolved in ethanol 
(96%, 10ml) and added to a suspension of Cs2UCl6 (Ig) in ethanol
(96%, 10ml). The dark brown precipitate formed was washed with
water and ethanol, and dried. The precipitate U(TTA)4 was 
recrystallised from toluene. Analysis for carbon and hydrogen 
was then done. U(TTA)4 (C3 2H1 6F1 208S4U) requires C 34.25%, and 
H 1.44%; typically C 34.68%, and H 1.64% was found.
^H nmr spectrum for U(TTA)4 in benzene showed the following 
rsonance positions (8 scale, TMS=0) :
S (Ha) : 5.25, 5.20, 5.16 ppm.
8 (Hb) ; 7.02, 6.96 ppm.
<5 (He) : 7.43, 7.39 ppm.
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4.3. Measurement Of Equilibrium Constant
As mentioned previously(chapter 2), the equilibrium constant for 
the reaction between U(TTA)4 and a variety of ligands 
(substrates) was measured using two different techniques- 
electronic and nmr spectroscopy.
4.3.1. Electronic Spectroscopy
A solution of U(TTA)4 was prepared by dissolving a known amount 
of U(TTA)4 in benzene(50ml). The solution was heated gently 
using a hot air blower until all the U(TTA) 4 dissolved. A 5ml 
portion of this solution was mixed with 5ml benzene. A sample of
this solution was placed in a matched 1cm silica cell and the
absorbance was recorded at 5nm intervals between 400-550nmz
using a Pye-Unicam SP8-100 spectrophotometer having a 
reproducibility of ±0 . 0 0 1 absorbance unit.
A stock solution of the ligand was prepared by dissolving a 
known amount of the ligand in benzene(10ml). The stock solution 
was diluted to give solutions of the ligand at a range of 
concentrations.
Portions of the U(TTA)4 solution(5ml) and the ligand solutions 
(5ml) were mixed together and the absorbances for these
solutions were obtained in a similar manner.
All experiments were carried out at room temperature and benzene 
was used in the reference cell and for obtaining the base line.
-117-
The set of results obtained was the input data for the computer 
program SQUAD(see chapter 2) which calculated the equilibrium 
constant and the extinction coefficients.
4.3.2. NMR Spectroscopy
Solutions having a fixed concentration of U(TTA)4 and various 
concentrations of the ligand were prepared in d^-benzene and d6- 
acetone. Stock solutions of U(TTA)4 in d^-benzene and d^~ 
acetone were prepared and portions of these solutions(2ml or 
1ml) were mixed with various amounts of the ligand.
The mixed solutions were placed in nmr tubes and the 1H nmr 
spectra were recorded close to room temperature using a Bruker 
WH90 FTNMR spectrophotometer operating at 90.0229 MHZ. The 
chemical shifts (<5A) relative to the internal standard TMS in the 
resonances of the ligand were obtained by comparison with the 
spectrum of the free ligand.
The set of results obtained was the input data for the computer 
program PPDNMR1P(chapter 2) which calculates the equilibrium 
constant and AB.
The following expression
S0 (1-«SA/AB) = L0 .AB/5A-(1/K+L0) 
was then used (chapter 2) to calculate K and AB from the same set 
of data used for PPDNMR1P.
Uj’itL
4.3.3. Measurement Of Equilibrium Constant ot Water
The ^H nmr spectrum of 1ml sample of the d^-acetone used was 
recorded using a Bruker WH 90FTNMR Spectrophotometer operating
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at 90.0229 MHZ, and the water peak was recognized. A known 
amount of H2 0 was added to 1ml d6-acetone and the - nmr 
spectrum was recorded. The difference of the area below the 
water peak in the two spectra was measured and the amount of 
water in the d^-acetone was then calculated. Solutions having 
fixed concentration of U(TTA)4 («0.0187 mol.dm-3) and various 
concentrations of D20 were prepared in d^-acetone. The nmr 
spectra of these solutions were recorded and the chemical shifts 
of the 1H water resonances in each solution were measured by 
comparison with the water resonance in the spectrum of the d6- 
acetone.
Corrections for the concentrations of D20 used were done by 
taking into account the amount of water present in the acetone.
The set of results obtained was used to calculate the 
equilibrium constant and AB as mentioned in 4.3.2.
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4 . 4 . DeoxvaenationProcedures
A solution of U(TTA) 4 in dg-benzene was prepared by adding dg- 
benzene(10ml) to U(TTA)4 (0.08406g) in a volumetric flask. This 
solution was deoxygenated using the nitrogen line(chapter 3). 
Further work with this solution was carried out in a nitrogen 
box(see section 4.5). Solutions of U(TTA)4 with varied 
concentrations of 4-toluidene were prepared and the nmr spectra 
were recorded.
The same procedure was repeated to prepare solutions of U(TTA) 4 
with l,3-dimethyl-2-imidazolidinone.
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4. 5 .  Nitrogen Box
The nitrogen box used was a Faircrest Engineering Model 4A, the 
main features of which are shown in Figure(4-1). The box
operates under a positive pressure of nitrogen(«2 on the water 
gauge) to lessen diffusion of air through seals and gloves into 
the box. A positive pressure is maintained by a disc valve
which admits nitrogen into the box if the pressure falls.
Nitrogen is vented through a rubber tube when there is excess
pressure. An additional valve can be operated by a foot-switch 
via the control box when it is necessary to admit nitrogen 
quickly. The nitrogen can be supplied from the bench or an
auxiliary cylinder.
Once the box has been swept with nitrogen, traces of oxygen are 
removed by recirculating the nitrogen over a heated BTS catalyst 
column(A). Then the nitrogen is passed through a water cooled 
heat exchanger (B) and down a column of Linde 4A molecular
sieve(C) to remove moisture.
The apparatus used was taken into the box through two ports. The 
larger port was flushed with nitrogen for about 25 minuets and 
the smaller port for about 15 minuets. The box was used after 
the ports were flushed and the gloves purged.
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o
5 .1 . Nitrogen Donors
5.1.1. Pvridine and its derivatives
5.1.1.1. 3,5-Lutidine in benzene solution 
pKa : 6.17
Initial rate of oxidation : 1.3% per 40 minutes with 
[U(TTA)4] =4.99 x 10" 3 M and [3,5-lut] = 2.7 x 10“ 2 M
(i) electronic spectroscopy 
number of solutions : 5 
[U(TTA)4] = 2.086 x 10” 4 M
(a) wavelength range 445-500 nm ; -log^K = 2.37 ± 0.01
(b) wavelength range 430-485 nm ; log10K = 2.33 ± 0.01
Variation of % adduct formation with 
substrate concentration
À 430—485 
(nm)
X 445—500 
(nm)
N° 3,5-lutidine 
(M)
% adduct 
formation
% adduct 
formation
1 2.002X10" 4 3.9 4.3
2 2 .0 0 2x10 3 29.2 31.1
3 l.OOlxlO” 2 67.8 69.7
4 2 .0 0 2x1 0” 80.9 82.2
5* 1 .0 0 1x1 0” — — —  —
* Solution eliminated by SQUAD
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Observed1 (e0l and calculated2 (ec) extinction 
coefficients of U(TTA)4
X eo ec X eo ec
430 2 0 1 0 2065 ± 9 445 1530 1580 ± 7
435 1840 1891 ± 6 450 1410 1445 ± 1
440 1670 1722 ± 3 455 1290 1315 ± 1
445 1530 1577 ± 3 460 1180 1219 ± 3
450 1410 1441 ± 3 465 1 1 0 0 1126 ± 1
455 1290 1311 ± 3 470 1 0 1 0 1033 ± 4
460 1180 1215 ± 2 475 925 941 ± 1
465 1 1 0 0 1123 ± 3 480 853 869 ± 3
470 1 0 1 0 1029 ± 6 485 796 809 ± 2
475 925 938 ± 2 490 743 755 ± 4
480 853 8 6 6 ± 4 495 695 706 ± 4
485 796 807 ± 4 500 643 653 ± 4
1. Throughout this thesis e0 quoted to 3 significant 
figures ; for estimated errors in eQ see text.
2. Throughout this thesis ec quoted to the nearest 
whole number; for standard deviation see text.
3. Throughout this thesis e = dm 3 .mol-1 .cm”1.
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(ii) nmr spectroscopy
The resonance positions (<S) ^  for free 3,5-lutidine : 
S (Ha) : 1.85 
6 (Hb) : 7.73 
S (He) : 8.34
L0 = [U(TTA)4] = 4.83 X  10" 3 M 
(a) method(1 )[graphic method]
5A1 ppm
Number of sols 7 7 7
S0 (M) Ha protons Hb protons He protons
4.451X10":? 0.590 0.732 2.946
4.006x10 2 0.634 0.781 3.097
3.561x10 2 0.673 0.829 3.351
3.116x10 2 0 . 8 8 8 1.103 4.463
2.671x10 2 0.893 1.107 4.493
1.781x10 2 1.229 1.522 6 . 2 0 0
8.903x10 3 1.356 1 . 6 8 8 6.800
AB 2 6.4 ± 10% 8 . 0 ± 1 0% 31.3 ± 10%
K3 134 ± 30% 134 ± 31% 150 ± 34%
log10K 2.13 2.13 2 . 20
1. Throughout this thesis S is given in ppm relative to TMS=0
2. Throughout this thesis AB is given in ppm
3. Throughout this thesis K = dm3 .mol” 1
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5.1.1.2. 3,5-Lutidine in acetone solution 
Initial rate of oxidation : 1.4% per 150 minutes with 
[U(TTA)4] = 4.75 x 10-3 M and[3,5-lut] = 2.7 x 10“ 2 M 
(i) nmr spectroscopy
The resonance positions (5) for free 3,5-lutidine : 
S (Ha) : 2.26 
6 (Hb) : 7.33 
S (He) : 8.22 
L0 = [U(TTA)4] = 1.78 X  10" 2 M.
(a) method(1 )
SA ppm
Number of sols 5 5 5
SQ (M) Ha protons Hb protons He protons
1.869X10-1 0.51 0.58 2.57
1.402x10 1 0.74 0.90 3.72
9.346x10 2 0.93 1.07 4.57
7.009x10 2 1.07 1.27 5.39
3.037X10-2 1.80 2 .10 8.87
AB 6.1 ± 5% 7.0 ± 11% 31.4 ± 8 %
K 57 ± 17% 62 ± 43% 44 ± 28%
log10K 1.76 1.79 1.64
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5.1.1.3. 4-Picoline in benzene solution 
pKa : 6.03
Initial rate of oxidation : 1.3% per 40 minutes with 
[U(TTA)4] = 4.99 x 10" 3 M and [4-pico] = 3.1 x 10“ 2 M 
(i) electronic spectroscopy
1) number of solutions : 5
[U(TTA)4] = 1.756 X  10" 4 M
(a) wavelength range 430-485 nm ? log10K = 2.47 ± 0.01
(b) wavelength range 445-500 nm ; log10K = 2.44 ± 0.01
C H
- \  430—485 
(nm)
X 445-500 
(nm)
N° 4-picoline
(M)
% adduct 
formation
% adduct 
formation
1 1.498X10-4 4.0 3.8
2 1.498X10-3 29.8 28.4
3 1.498X10"2 81.3 80.2
4 7.488x10 95.6 95.3
5* 1.498x10 — — —
* solution eliminated by SQUAD
X €o e C X eo ec
430 2070 2076 ±13 445 1610 1602 ± 8
435 1910 1912 ±10 450 1470 1470 ± 6
440 1750 1750 ± 7 455 1360 1353 ± 2
445 1610 1607 ± 6 460 1260 1262 ± 2
450 1470 1475 ± 4 465 1170 1169 ± 4
455 1360 1357 ± 4 470 1090 1083 ± 1
460 1260 1266 ± 4 475 1 0 0 0 998 ± 3
465 1170 1172 ± 4 480 928 925 ± 5
470 1090 1086 ± 4 485 865 863 ± 1
475 1 0 0 0 1 0 0 1 ± 6 490 814 813 ± 2
480 928 927 ± 7 495 763 762 ± 3
485 865 866 ± 3 500 706 708 ± 1
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2) number of solutions : 5
[U(TTA)4] = 1.471 X  10" 4 M
(a) wavelength range 430-485 nm ; log^gK = 2.47 ± 0.02
(b) wavelength range 445-500 nm ; log^K = 2.47 ± 0.02
X 430-485 
(nm)
X 445-500 
(nm)
N° 4-picoline
(M)
% adduct 
formation
% adduct 
formation
1 1.457X10"4 4.0 3.9
2 1.457x10 3 29.8 29.2
3* 7.284x10 3 — 67.6
4 1 .457x10*2 80.0 80.5
5* 3.642x10* 87.1 --
* solution eliminated by SQUAD
X eo €c X €o ec
430 2169 2163 ±10 445 1679 1669 ± 8
435 1999 1989 ± 7 450 1537 1532 ± 7
440 1835 1826 ± 3 455 1414 1417 ± 7
445 1679 1671 ± 5 460 1319 1304 ± 4
450 1537 1534 ± 5 465 1223 1215 ± 6
455 1414 1417 ± 5 470 1142 1124 ± 6
460 1319 1305 ± 2 475 1054 1040 ± 4
465 1223 1214 ± 7 480 979 965 ± 7
470 1142 1123 ± 6 485 911 901 ± 8
475 1054 1040 ± 6 490 857 840 ± 7
480 979 963 ±10 495 802 787 ± 6
485 911 899 ±11 500 748 731 ± 6
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5.1.1.4. 4-Picoline in acetone solution 
Initial rate of oxidation : 7.9% per 40 minutes with 
[U(TTA)4] = 4.75 x 10~ 3 M and [4-pico] = 3.1 x 10“ 2 M 
(i) nmr spectroscopy
The resonance positions for free 4-picoline :
S (Ha) : 2.3 
6 (Hb) : 7.1-7.2 
S (He) : 8 .3-8.4 
L0 = [U(TTA)4] = 1.78 x 10” 2 M
(a) method(1 )
<5A ppm
Number of sols 7 7 5
S0 (M) Ha protons Hb protons He protons
2.151x10*1 0.55 0.913 2.473
1.882x10 1 0.63 1.037 2.783
1.075x10 1 0.93 1.490 4.110
9.410x10 2 1.07 1.663 4.537
3.220x10 2 1.97 2.987 8.367
2.150x10 2 2 . 2 1 3.370 -
1.610x10 2 2.42 3.733 -
AB 7.6 ± 2 % 12.9 ± 2 % 35.1 ± 2 %
K 36 ± 5 % 28 ± 6 % 28 ± 8 %
log10K 1.56 1.45 1.45
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5.1.1.5. Pyridine in benzene solution 
pKa : 5.23
Initial rate of oxidation : 5.3% per 60 minutes with 
[U(TTA)4] = 4.1 x 10"3 M and [pyr] = 3.1 x 10-2 M 
(i) electronic spectroscopy 
number of solutions : 7 
[U(TTA)4] = 2.432 X  10"4 M
(a) wavelength range 430-485 nm ? log^gK = 1.98 ± 0.01
(b) wavelength range 445-500 nm ; log-j^K = 1.98 ± 0.01
X 430—485 
(nm)
X 445-500 
(nm)
N° pyridine
(M)
% adduct 
formation
% adduct 
formation
1* 2.486X10-3 —  —
2 4.971xl0“3 32.1 31.6
3 2.486X10"2 70.4 70.0
4 4.971X10"2 82.7 82.4
5 1.243x10 1 92.3 92.1
6 2 .486x10’”“■ 96.0 95.9
7 4.971x10” 98.0 97.9
* solution eliminated by SQUAD
X eo € C X eo € C
430 2070 2103 ± 9 445 1600 1618 ± 7
435 1910 1936 ± 8 450 1470 1480 ± 7
440 1750 1764 ± 6 455 1360 1366 ± 8
445 1600 1622 ± 7 460 1260 1254 ± 7
450 1470 1484 ± 7 465 1170 1169 ± 7
455 1360 1370 ± 7 470 1090 1082 ± 8
460 1260 1258 ± 7 475 1000 992 ± 6
465 1170 1172 ± 7 480 929 918 ± 5
470 1090 1085 ± 8 485 867 860 ± 4
475 1000 995 ± 6 490 814 803 ± 8
480 929 921 ± 6 495 760 752 ± 5
485 867 862 ± 4 500 711 698 ± 5
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5.1-1.6. 3,4-Lutidine in benzene solution 
pKa : 6.46
Initial rate of oxidation : 4.5% per 60 minutes with 
[U(TTA)4] = 4.0 x 10"3 M and [3,4-lut] = 2.7 x 10“2 M 
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] = 2.482 X 10“4 M
(a) wavelength range 430-485 nm ; log^K = 2.44 ± 0.02
(b) wavelength range 445-500 nm ; log10K = 2.31 ± 0.01
C H
C H
A 430-485 
(nm)
A 445-500 
(nm) $
N° 3,4-lutidine % adduct % adduct
(M) formation formation
1 3.561xl0“4 8.5 6.5
2* 1.781X10”3 31.9 —
3 3.561X10”3 48.7 41.4
4 8.903X10-3 70.7 64.2
5* 1.781xl0~2 — 78.3
6 3.561x10” 90.7
$ 5 solutions only 
* solution eliminated by SQUAD
A €o eC A eo ec
430 2010 2057 ±13 445 1560 1588 ± 5
435 1850 1892 ±10 450 1460 1453 ± 3
440 1700 1727 ± 9 455 1320 1327 ± 1
445 1560 1588 ± 8 460 1220 1230 ± 2
450 1460 1457 ± 6 465 1140 1138 ± 2
455 1370 1333 ± 6 470 1060 1053 ± 3
460 1270 1236 ± 6 475 975 967 ± 1
465 1140 1146 ± 5 480 907 897 ± 1
470 1060 1061 ± 5 485 847 836 ± 1
475 975 977 ± 6 490 795 779 ± 2
480 907 907 ± 6 495 747 729 ± 2
485 847 847 ± 6 500 690 680 ± 1
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5.1.1.7. 2-Picoline in benzene solution 
pKa : 5.95
Initial rate of oxidation ? 6.2% per 60 minutes with 
[U(TTA)4] = 4.0 x 10”3 M and [2-pico] = 3.0 x 10"2 M 
(i) electronic spectroscopy 
number of solutions : 8 
[U(TTA)4] = 2.424 X  10~4 M
(a) wavelength range 430-485 nm ; log10K = 0.79 ± 0.01
(b) wavelength range 445-500 nm ; log10K = 0.83 ± 0.01
-
X 430-485 
(nm)
X 445—500 
(nm)
N° 2-picoline
(M)
% adduct 
formation
% adduct 
formation
1 1.013X10"2 5.9 6.4
2 2.025x10 2 11.1 12.0
3* 4.050xl0-2 — —
4 1.013X10"! 38.5 40.6
5 2.025x10” ! 55.6 57.7
6 4.050X10” ! 71.5 73.2
7 1.013 86.2 87.2
8 2.025 92.6 93.2
* solution eliminated by SQUAD
X eo €C X €o €C
430 2090 2109 ± 8 445 1620 1363 ± 5
435 1930 1935 ± 7 450 1490 1259 ± 5
440 1770 1763 ± 6 455 1370 1170 ± 4
445 1620 1616 ± 5 460 1270 1078 ± 5
450 1490 1481 ± 4 465 1180 992 ± 4
455 1370 1357 ± 5 470 1090 917 ± 5
460 1270 1253 ± 5 475 1010 855 ± 4
465 1180 1164 ± 5 480 936 800 ± 4
470 1090 1072 ± 6 485 874 748 ± 4
475 1010 986 ± 5 490 820 698 ± 3
480 936 912 ± 6 495 767 645 ± 3
485 874 850 ± 5 500 713 593 ± 3
5.1.1.8. 2,4,6-Collidine in benzene solution 
pKa : 7.43
Initial rate of oxidation : 7.5% per 50 minutes with
[U(TTA)4] = 4.7 x 10”3 M and [2,4,6-col] = 2.3 x 10“2 M
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] = 2.249 X  10“4 M
(a) wavelength range 430-485 nm ; log10K = 0.89 ± 0.01
(b) wavelength range 445-500 nm ; log10K = 0.94 ± 0.01
\ 430-485 
(nm)
X 445-500 
(nm)
N° 2,4,6-collidine 
(M)
% adduct 
formation
% adduct 
formation
1 1.513X10"2 10.4 11.7
2 3.027X10-2 18.9 20.9
3 7.567xl0~2 36.9 39.8
4 1.513x10"! 53.9 56.9
5* 3.027x10"; —  — 72.6
6* 7.567x10"! 85.4 —
* solution eliminated by SQUAD
X eo €c X €o € C
430 2090 2078 ± 5 445 1620 1606 ± 4
435 1920 1902 ± 3 450 1490 1465 ± 2
440 1760 1743 ± 2 455 1370 1351 ± 3
445 1620 1597 ± 3 460 1270 1253 ± 2
450 1490 1458 ± 2 465 1180 1163 ± 2
455 1370 1343 ± 2 470 1090 1073 ± 2
460 1270 1245 ± 2 475 1010 991 ± 1
465 1180 1157 ± 3 480 943 921 ± 3
470 1090 1067 ± 3 485 876 858 ± 1
475 1010 985 ± 8 490 823 803 ± 1
480 943 916 ± 3 495 769 751 ± 1
485 876 854 ± 2 500 720 701 ± 3
5.1.1.9. 2,21-Bipyridyl in benzene solution H
Initial rate of oxidation : 3% per 70 minutes with
[U(TTA)4] = 4.6 x 10"3 M and [dipy] = 2.5 x 10"2 M
(i) electronic spectroscopy 
number of solutions : 7 
[U(TTA)4] = 2.157 X 10"4 M
(a) wavelength range 430-485 nm ; log10K = 1.31 ± 0.02
(b) wavelength range 445-500 nm ? log10K = 1.17 ± 0.02
N ^ H d
X 430 -4 8 5  
(nm)
X 4 4 5 -5 0 0  
(nm)
N° 2 , 2 ' -bipyridyl 
(M)
% adduct 
formation
% adduct 
formation
1 2 .5 8 5 X 1 0 ” 4 0 .5 0 .4
2 2 .5 8 6 X 1 0 " 3 5 .0 3 .7
3 2 .5 8 5 X 1 0 ” 2 3 4 .5 2 7 .5
4 5 . 170X10” 2 5 1 .3 4 3 .2
5 2 .5 8 5 x 1 0 “ ; 8 4 .0 7 9 .2
6* 5 .1 7 0 x 1 0  1 9 1 .3 — —
7* 1 .2 2 1 — — 9 4 .7
* solution eliminated by SQUAD
X eo ec X eo €c
430 1970 1949 ± 4 445 1570 1491 ±14
435 1800 1780 ± 6 450 1380 1353 ±14
440 1650 1626 ± 4 455 1270 1240 ±11
445 1520 1492 ± 6 460 1170 1147 ±10
450 1380 1354 ± 7 465 1080 1057 ± 8
455 1270 1242 ± 5 470 997 969 ± 8
460 1170 1150 ± 5 475 923 888 ± 8
465 1080 1057 ±11 480 853 819 ± 8
470 997 973 ± 6 485 797 764 ± 7
475 923 895 ± 6 490 742 714 ± 7
480 853 824 ± 5 495 691 667 ± 8
485 797 770 ± 5 500 644 620 ± 8
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(ii) nmr spectroscopy
The resonance positions (5) for free 2,2'bipyridyl :
<5 (Ha) 7.216
<5 (Hb) 7.28-7.5
S (He) 8.50-8.55
6 (Hd) 8.70-8.79
Lq = [U(TTA)4] = 1.226 X  10 2 M
(a) method(1)
<SA ppm
Number of sols 5 4
S0 (M) Hd protons Hb protons
7.747X10-2 
5.890X10”2 
4.546x10 2 
3.201x10 2 
2.625xlO~2
0.0764
0.0796
0.0829
0.0861
0.0926
0.041
0.0442
0.0475
0.0507
AB 1.8 ± 16% 0.8 ± 7%
K 4.9 ± 20% 6.2 ± 9%
log10K 0.69 0.79
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5.1.2. Aniline and its derivatives
5.1.2.1. 4-Toluidine in benzene solution 
pKa : 5.08
Initial rate of oxidation : 1.9% per 60 minutes with 
[U(TTA)4] = 5.1 x 10”3 M and [4-tol] = 2.5 x 10"2 M
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] = 2.05 x 10“4 M
(a) wavelength range 430-485 nm ; log-^QK = 1.15 ± 0.02
(b) wavelength range 445-500 nm ; log^K = 1.09 ± 0.01
C H
N H
A 430-485 
(nm)
A 445—500 
(nm)
N° 4-toluidine
(M)
% adduct 
formation
% adduct 
formation
1 l.OOlxlO"4 0.1 0.1
2 1.001x10 3 1.4 1.2
3* l.OOlxlO"2 12.3 —
4* 5.004X10"2 — 38. 3
5 l.OOlxlO"^ 58.3 55.4
6 2.002x10" 73.7 71.3
* solution eliminated by SQUAD
A eo € C A eo €c
430 2170 2166 ± 3 445 1690 1679 ± 2
435 2000 1995 ± 4 450 1550 1538 ± 1
440 1840 1833 ± 2 455 1430 1419 ± 3
445 1690 1678 ± 2 460 1330 1317 ± 2
450 1550 1537 ± 2 465 1240 1226 ± 2
455 1430 1417 ± 4 470 1150 1137 ± 2
460 1330 1315 ± 4 475 1070 1051 ± 1
465 1240 1225 ± 3 480 993 975 ± 2
470 1150 1135 ± 4 485 925 908 ± 2
475 1070 1052 ± 1 490 871 855 ± 2
480 993 973 ± 4 495 818 798 ± 1
485 925 906 ± 3 500 759 740 ± 2
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(ii) nmr spectroscopy
The resonance positions (6) for free 4-toluidine :
S (Ha) 2.1
S (Hb) 2.7
6 (He) 6.3—6.95
5 (Hd) 6.85-6.95
(a) method(1)
Lo = [U(TTA)4
6A ppm
Number of sols 5 5
So (M) Hd protons Hb protons
2.71x10":? 0.717 0.440
4.76x10 “ 0.700 0.422
6.53x10 % 0.583 0.376
7.65x10 % 0.550 --
8 . 4 0 x 1 0 " 2 —  — 0.356
1.01x10 1 0.475 0.335
AB 12.6 ± 7 % 11.3 ± 11%
K 10 ± 11% 6 ± 16%
l°g10K 1.0 0.78
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(c) 4-toluidine in benzene solution under nitrogen atmosphere, 
method(2)
L0 = [U(TTA)4] = 8.33 X  10"3 M
He protons Hd protons
Number of sols 7 7
S0 (M) 5Ao 5AC [AB]/[B] 5Ao 5AC [AB]/[B]
1.260x10*2 
2.025x10 3
4.227X10-2
4.619x10 2 
6.635x10 2 
9.985x10 2 
1.100x10 1
0.854
0.834
0.717
0.702
0.615
0.581
0.390
0.875
0.825
0.709
0.691
0.613
0.515
0.467
0.069
0.065
0.056
0.055
0.049
0.040
0.037
0.156
0.151
0.127
0.127
0.107
0.098
0.083
0.158 
0.149 
0.128 
0.125 
0. Ill 
0.093 
0.085
0 . 068 
0.065 
0.056 
0.054 
0.048 
0.041 
0.037
AB 12.6 ± 15% 2.3 ± 6%
K 10 ± 21% 9.8 ± 8%
log10K 1.0 0.99
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5.1.2.2. 4-Toluidine in acetone solution 
Initial rate of oxidation : 9.2% per 60 minutes with 
[U(TTA)4] = 4.6 x 10”3 M and [4-toi] = 2 . 5  x 10*2 M 
(i) nmr spectroscopy
No shift in the 4-toluidine resonance positions by adding 
U(TTA)4 to its solutions was observed.
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5.1.2.3. Aniline in benzene solution 
pKa : 4.63
n h 2
Initial rate of oxidation : 2% per 55 minutes with 
[U(TTA)4] = 4.1 x ICT3 M and [aniline] = 3.3 x 10"2 M 
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] = 2.054 x 10“4 M
(a) wavelength range 430-485 nm ; log^gK = 0.73 ± 0.04
(b) wavelength range 4450500 nm ; log10K = 0.74 ± 0.02
\ 430-485 
(nm)
X 445-500 
(nm)
N° aniline (M) % adduct 
formation
% adduct 
formation
1* 2.195X10™2 *  ■ —  —
2 4.390X10"2 18.9 19.4
3 1.097x10 1 36.8 37.6
4 2.195x10"! 53.8 54.7
5 4.390x10 1 69.9 70.7
6 1.097 85.3 85.8
* solution eliminated by SQUAD
X eo €C X eo ec
430 2050 1992 ±19 445 1580 1507 ±10
435 1880 1825 ±16 450 1450 1390 ± 8
440 1720 1647 ±11 455 1330 1263 ± 7
445 1580 1504 ±10 460 1230 1162 ± 5
450 1450 1387 ± 8 465 1140 1083 ± 3
455 1330 1261 ± 6 470 1050 996 ± 3
460 1230 1159 ± 5 475 968 918 ± 4
465 1140 1080 ± 3 480 898 851 ± 4
470 1050 994 ± 3 485 833 793 ± 3
475 968 916 ± 5 490 780 745 ± 3
480 898 849 ± 4 495 728 695 ± 3
485 838 791 ± 3 500 680 650 ± 2
5.1.2.4. 3-Chloroaniline in benzene solution 
pKa : 3.46
Initial rate of oxidation : 1.9% per 60 minutes with
[U(TTA)4] = 5.2 x 10"2 M and [3-chlanil] = 2.8 x ÎO~2 M
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] = 2.56 X.10“4 M
(a) wavelength range 430-485 nm ? log10K = 0.46 ± 0.06
(b) wavelength range 445-500 nm ; log10K = 0.76 ± 0.07
X 430-485 
(nm)
X 445-500 
(nm)
N° 3-chloroaniline
(M)
% adduct 
formation
% adduct 
formation
1 3.7B2xlO~2 9.8 17.7
2 9.454x10"” 21.4 35.0
3* 1.891x10 1 35.3 — —
4 3.782x10*1 52.1 68.3
5 9.454x10 1 73.1 84.3
6 1.891 — — 91.5
* solution eliminated by SQUAD
X eo cc X eo €c
430 2090 2126 ±30 445 1620 1668 ±36
435 1920 1962 ±24 450 1490 1538 ±31
440 1760 1799 ±21 455 1370 1423 ±27
445 1620 1650 ±18 460 1270 1321 ±23
450 1490 1517 ±15 465‘ 1180 1235 ±20
455 1370 1401 ±15 470 1090 1148 ±20
460 1270 1297 ±13 475 1010 1060 ±17
465 1180 1210 ±12 480 942 985 ±15
470 1090 1122 ±10 485 879 923 ±14
475 1010 1037 ±11 490 821 866 ±12
480 942 962 ± 8 495 770 811 ±13
485 879 900 ± 8 500 715 756 ±11
5.1.2.5. 4-Nitroaniline in acetone solution 
pKa : 1.0
(i) nmr spectroscopy
No shift in the resonance positions was observed by adding 
U(TTA)4 to the 4-nitroaniline solutions.
NO,
N H 2
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5.1.3. Imidazole and its derivatives
5.1.3.1. 1-Methylimidazole in benzene solution 
pka : 7.06
Initial rate of oxidation : 0.5% per 120 minutes with 
[U(TTA) 4] = 4.6 x 10”3 M and [1-meim] = 2.5 x lO-*2 M
(i) electronic spectroscopy 
number of solutions : 5 
[U(TTA)4] = 2.13 X 10“4 M
(a) wavelength range 430-485 nm ; log10K = 3.89 ± 0.01
(b) wavelength range 445-500 nm ; log^gK = 3.89 ± 0.01
Hd
X 430-485 
(nm)
X 445-500 
(nm)
N° 1-methyl- 
imidazole (M)
% adduct 
formation
% adduct 
formation
1 2.509x10*6 0.7 0.7
2 2.509x10*5 7.1 7.1
3* 2.509X10*4 — — —
4 5.018X10*4 72.8 72.9
5 2.509x10* 99.5 99.5
* solution eliminated by SQUAD
X eo €C X eo €c
430 2040 2049 ± 2 445 1560 1566 ± 3
435 1860 1871 ± 2 450 1420 1427 ± 1
440 1700 1708 ± 3 455 1300 1304 ± 1
445 1560 1566 ± 2 460 1200 1206 ± 1
450 1420 1427 ± 4 465 1110 1116 ± 1
455 1300 1304 ± 1 470 1020 1023 ± 1
460 1200 1206 ± 1 475 939 942 ± 1
465 1110 1116 ± 1 480 868 871 ± 1
470 1020 1023 ± 1 485 812 811 ± 1
475 939 942 ± 1 490 756 756 ± 2
480 868 871 ± 1 495 704 707 ± 1
485 812 811 ± 1 500 657 657 ± 2
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(ii) nmr spectroscopy
The resonance positions (5) for free 1-methylimidazole :
6 (Ha) : 2.5-2.7
S (He) : 6.25-6.3
L0 = [U(TTA)4] = 8.66 X  lO”3 M
(a) method (1)
SA ppm
Number of sols 7
S0 (M) Ha protons
1 .3 5 2 x 1 0 " !  
1 .0 2 3 x 1 0 “ !  
8 .2 8 2 X 1 0 ” 3 
6 .8 2 0 X 1 0 " 3 
5 .4 8 1 x 1 0 " ;  
2 .6 7 9 x 1 0  ;  
1 .3 4 0 x 1 0 “
0 .6 2 4 4
0 .7 4 1 4
1 .0 1 9 5
1 .2 0 4 8
3 .3 8 0 1
3 .1 2 1 6
4 .5 4 5 9
AB 9 . 5  ± 4%
K unreliable 
(see text)
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5.1.3.3. 1-Benzylimidazole in benzene solution 
Initial rate of oxidation : 0.45 per 120 minutes with 
[U(TTA)4] = 4.6 x 10“3 M and [1-beim] = 2.4 x 10*“2 M 
(i) electronic spectroscopy 
number of solutions : 5 
[U(TTA)4] = 1.07 x 10-4 M
(a) wavelength range 430-485 nm ; log10K = 3.48 ± 0.04
(b) wavelength range 445-500 nm ? log10K = 3.74 ± 0.03
X 430-485 
(nm)
X 445-500 
(nm)
N° 1-benzyl- 
imidazole (M)
% adduct 
formation
% adduct 
formation
1* 2.569x10-5 CO
2* 2.569X10-4 39.3
3 2.569X10-3 88.2 93.1
4 1.285X1Q-2 97.5 98.6
5 2.569X10"2 98.7 99.3
* solution eliminated by SQUAD
X eo ec X eo €c
430 1950 1784 ±12 445 1490 1524 ± 3
435 1780 1603 ± 5 450 1350 1382 ± 3
440 1620 1437 ± 7 455 1230 1267 ± 5
445 1490 1319 ± 5 460 1140 1171 ± 8
450 1350 1176 ± 5 465 1060 1085 + 4
455 1230 1076 ± 9 470 972 998 + 4
460 1140 998 ±13 475 897 921 + 4
465 1060 914 ± 7 480 832 853 ± 2
470 972 826 ± 6 485 776 795 + 1
475 897 764 ± 7 490 729 748 + 5
480 832 698 ± 3 495 682 701 + 5
485 776 664 ± 6 500 636 673 ± 2
-153-
Hn
5.1.3.4. 1,2-Dimethylimidazole in benzene solution 
Initial rate of oxidation : 10% per 145 minutes with
[U(TTA)4] = 4.7 x 10”3 M and [1,2-dmeim] = 6.6 x 10”2 M
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] = 2.39 X  10"4 M
(a) wavelength range 430-485 nm ; log10K = 3.08 ± 0.01
(b) wavelength range 445-500 nm ? log10K = 3.08 ± 0.01
X 430-485 
(nm)
À 445—500 
(nm)
N° 1,2-dimethy1- 
imidazole (M)
% adduct 
formation
% adduct 
formation
1 1.686x10*5 1.6 1.6
2 1.686X10"4 14.1 14.0
3 1.686X10"3 65.0 64.9
4 1.686X10"2 95.3 95.3
5 1.686X10*1 99.5 99.5
6* 4.220x10* —— — —
X eo €C X €o €c
430 2030 2049 ±10 445 1560 1576 ± 7
435 1860 1875 ± 5 450 1430 1440 ± 3
440 1700 1715 ± 6 455 1310 1322 ± 3
445 1560 1576 ± 7 460 1220 1227 ± 4
450 1430 1440 ± 3 465 1130 1135 ± 3
455 1310 1322 ± 3 470 1040 1047 ± 3
460 1220 1227 ± 4 475 956 963 ± 5
465 1130 1135 ± 3 480 885 892 ± 3
470 1040 1047 ± 3 485 826 832 ± 3
475 956 963 ± 5 490 771 779 ± 3
480 885 892 ± 3 495 721 728 ± 2
485 826 832 ± 3 500 671 678 ± 3
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5.1.3.5. l-Benzyl-2-methylimidazole in benzene solution 
Initial rate of oxidation : 37% per 145 minutes with 
[U(TTA)4] = 4.7 x 10“3 M and [1-bmeim] = 1.8 x 10“2 M 
(i) electronic spectroscopy 
number of solutions : 5 
[U(TTA)4] = 1.23 x 10"4 M
(a) wavelength range 430-485 nm ; log10K = 2.8 ± 0.01
(b) wavelength range 445-500 nm ; log10K = 2.8 ± 0.02
X 430-485 
(nm)
X 445-500 
(nm)
N° 1-benzyl-2-me­
thyl imidazole 
(M)
% adduct 
formation
% adduct 
formation
1 l.OOxlO-4 5.7 5.3
2 l.OOxlO-3 38.3 36.3
3* 1.00X10”2 86.6 —  —
4 1.00xl0“j- 98.5 98.4
5* 2 .50x10” — 99.3
* solution eliminated by SQUAD
X eo €c X €o €c
430 1959 1987 ± 7 445 1496 1507 ± 9
435 1781 1803 ± 2 450 1366 1371 ± 8
440 1626 1650 ± 1 455 1244 1252 ±12
445 1496 1515 ± 4 460 1155 1161 ±13
450 1366 1376 ± 4 465 1073 1078 ±17
455 1244 1255 ± 1 470 984 988 ±10
460 1155 1163 ± 2 475 902 913 ± 4
465 1073 1074 ± 6 480 837 847 ± 4
470 984 982 ± 8 485 781 787 ± 6
475 902 909 ± 8 490 724 730 ± 3
480 837 843 ± 6 495 675 678 ± 2
485 781 782 ± 8 500 • 626 632 ± 7
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5.2. OxvaenDonors
5.2.1. Phosphoric acid esters
5.2.1.1. Triethylphosphate in benzene solution 
Initial rate of oxidation : 0.4% per 65 minutes with 
[U(TTA)4] = 4.6 x 10“2 M and [TEP] = 2.4 x 10“2 M
(i) electronic spectroscopy
1) number of solutions : 6 
[U(TTA)4] = 1.09 x 10~4 M
(a) wavelength range 430-485 nm ; log10K = 3.13 ± 0.01
(b) wavelength range 445-500 nm ; log10K = 3.13 ± 0.01
Et- < x
Et—O—P = 0  
E t''-0
Et=CH?-CHb,-
\ 430-485 
(nm)
X 445—500 
(nm)
N° triethyl­
phosphate (M)
% adduct 
formation
% adduct 
formation
1 1.173xl0“4 12.2 12.3
2 2.932x10 ; 26.1 26.4
3 5.863X10"4 42.0 42.2
4* 1.173x10“; — —
5 2.932x10“; 79.2 79.4
6 5.863x10“ 88.5 88.6
* solution eliminated by SQUAD
X eo €c X eo €c
430 1880 1887 ± 3 445 1440 1464 ± 2
435 1720 1732 ± 4 450 1320 1337 ± 3
440 1570 1587 ± 3 455 1220 1232 ± 5
445 1440 1463 ± 2 460 1130 1139 ± 3
450 1320 1336 ± 3 465 1050 1058 ± 2
455 1220 1231 ± 5 470 966 975 ± 6
460 1130 1137 ± 3 475 892 904 ± 2
465 1050 1057 ± 2 480 828 833 ± 5
470 966 974 ± 6 485 773 775 ± 4
475 892 903 ± 2 490 717 727 ± 2
480 828 832 ± 5 495 671 680 ± 5
485 773 774 ± 4 500 625 633 ± 3
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2) number of solutions : 7 
[U(TTA)4] = 2.07 x 10”4 M
(a) wavelength range 450-495 nm ? log10K = 3.10 ± 0.01
A 450—495 
(nm)
N° triethyl­
phosphate (M)
% adduct 
formation
1 5.407x10*5 5.2
2 1.081X10’4 10.0
3 2.704X10"4 22.1
4 5.364X10*4 36.8
5 1.081x10*3 55.0
6* 2.704x10*3 —
7 5.407X10”3 86.9
* solution eliminated by SQUAD
A eo ec
450 1511 1500 ± 3
455 1395 1381 ± 3
460 1291 1277 ± 2
465 1204 1188 ± 2
470 1115 1097 ± 2
475 1030 1014 ± 2
480 955 937 ± 3
485 890 873 ± 3
490 832 813 ± 3
495 779 761 ± 4
-157-
(ii) nmr spectroscopy
The resonance positions (6) of free triethylphosphate : 
5(Ha) : 1.03 - 1.04 
S (Hb) : 3.92 - 3.93 
L0 = [U(TTA)4] = 8.47 x 10"3 M 
(a) method (1)
6A ppm
Number of sols 5 5
SQ (M) Ha protons Hb protons
1.153X10-3 1.673 5.063
5.490x10"" 0.474 1.420
6.643X10"3 0.415 1.239
8.235x10"; 0.332 0.990
9.827xl0~ 0.273 0.805
AB 3.3 ± 3% 9.7 ± 3%
K 449 ± 15% 614 ± 20%
iog10K 2.65 2.79
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5.2.1.2. Triethylphosphate in acetone solution 
(i) nmr spectroscopy
The resonance position (5) for free triethylphosphate : 
S (Ha) : 1.21-1.37 
S (Hb) : 3.90-4.20
L0 = [U(TTA)4] = 1.79 X 10”2 M
(a) method (1)
S A ppm
Number of sols 7 5
SQ (M) Ha protons Hb protons
2.144x10"! 0.244 0.707
1.480x10“! 0.361 1.044
1.071x10"! 0.473 1.371
7.823X10"2 0.629 1.839
5.435X10"2 0.849 2.478
2.772X10"2 1.410 —
1.592x10" 1.595 — —
AB 4.1 ± 1% 8.8 ± 1%
K 146 ± 6% 178 ± 9%
log10K 2.17 2.25
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5.2.1.3. Tributylphosphate in benzene solution 
Initial rate of oxidation : 27% per 60 minutes with 
[U(TTA)4] = 4.6 x 10“3 M and [TBP] = 2.2 x 10"2 M 
(i) electronic spectroscopy _
H-Bu — O — P =  0
1) number of solutions : 5 D
*• Dll
[U(TTA) 4] = 2.184 X  10-4 M .. Bu =  C H 3- C H 2- C H
(a) wavelength range 430-485 nm ? log10K = 3.18 ± 0.01
(b) wavelength range 445-500 nm ; log10K = 3.10 ± 0.01
A  430-485 
(nm)
A 445-500 
(nm)
N° tributyl­
phosphate (M)
% adduct 
formation
% adduct 
formation
1* 9.85x10”^
2 9.85x10*5 8.9 9.1
3 9.85x10*; 51.9 52.4
4 9.85x10* 92.3 92.4
5 9.85X10*2 99.2 99.2
* solution eliminated by SQUAD
A €o ec A €o €c
430 2020 1965 ± 2 445 1550 1501 ± 2
435 1850 1788 ± 3 450 1410 1363 ± 2
440 1690 1632 ± 3 455 1290 1251 ± 2
445 1550 1499 ± 2 460 1200 1161 ± 4
450 1410 1361 ± 2 465 1110 1059 ± 1
455 1290 1249 ± 4 470 1020 986 ± 1
460 1200 1159 ± 3 475 939 909 ± 2
465 1110 1068 ± 2 480 870 842 ± 1
470 1020 985 ± 3 485 815 785 ± 3
475 939 907 ± 2 490 760 734 ± 3
480 870 841 ± 4 495 710 685 ± 1
485 815 784 ± 2 500 664 637 ± 2
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2) number of solutions : 5
[U(TTA)4] = 1.533 X 10”4 M ' “
(a) wavelength range 445-500 nm ? log10K = 3.10 ± 0.01
A 445-500 
(nm)
N° tributyl­
phosphate (M)
% adduct 
formation
1* 1.51x10“^ mmm tmm
2 1.51X10"4 12.4
3 1.51x10*3 60.3
4 7.54x10*3 88.8
5 1.51x10 2 94.1
* solution eliminated by SQUAD
A 6o €c
445 1676 1679 ± 1
450 1539 1537 ± 2
455 1422 1422 ± 2
460 1318 1319 ± 3
465 1227 1223 ± 1
470 1135 1131 ± 5
475 1057 1051 ± 2
480 978 967 ± 2
485 907 904 ± 3
490 848 849 ± 4
495 796 790 ± 3
500 737 734 ± 2
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5.2.1.4. Dibutylbutylphosphonate in benzene solution 
Initial rate of oxidation : 0.4% per 60 minutes with 
[ (UTTA)4] = 4.6 x 10“3 M and [DBBP] = 1 . 8  x 10”2 M «
(i) electronic spectroscopy n '
number of solutions : 5 
[U(TTA)4] = 2.20 X 10~4 M
(a) wavelength range 430-485 nm ; log10K = 4.0 ± 0.01
(b) wavelength range 445-500 nm ; log10K = 4.0 ± 0.01
A 430-485 
(nm)
A 445—500 
(nm)
N° dibutyl butyl- 
phosphonate (M)
% adduct 
formation
% adduct 
formation
1 2.002x10*5 5.9 6.0
2 1..001X10"4 27.0 27.4
3* 2.002X10-4 —
4 2.002X10*3 94.2 94.5
5 1.001x10*1 99.9 99.9
A eo ec A eo ec
430 2060 2056 ± 3 445 1570 1578 ± 1
435 1880 1868 ± 2 450 1440 1424 ± 1
440 1710 1712 ± 2 455 1310 1308 ± 1
445 1570 1576 ± 1 460 1220 1214 ± 2
450 1440 1422 ± 1 465 1120 1121 ± 1
455 1310 1306 ± 1 470 1040 1027 ± 1
460 1220 1212 ± 3 475 955 947 ± 3
465 1120" 1120 ± 1 480 882 879 ± 3
470 1040 1026 ± 1 485 823 818 ± 2
475 955 946 ± 4 490 764 761 ± 2
480 882 878 ± 3 495 714 714 ± 3
485 823 817 ± 3 500 664 667 ± 3
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5.2.2. Antipvrine and its derivatives
5.2.2.1. Antipyrine in benzene solution 
Initial rate of oxidation : 0.6% per 60 minutes with 
[U(TTA)4] = 4.7 x 10“3 M and [antipyrine] = 2.6 x 10"2 M
(i) electronic spectroscopy 
number of solutions : 7 
[U(TTA)4] = 2.31 X 10~4 M
(a) wavelength range 430-485 nm ? log^0K = 3.95 ± 0.01
(b) wavelength range 445-500 nm ? log10K = 3.93 ± 0.01
X 430—485 
(nm)
X 445—500 
(nm)
N° antipyrine
(M)
% adduct 
formation
% adduct 
formation
1 1.184X10’4 30.1 29.7
2 5.919x10 ; 78.4 77.8
3 1.184X10"3 89.6 89.2
4 5.919X10”3 98.0 98.0
5 1.184X10”2 99.0 99.0
6 5.919X10"2 99.8 99.8
7* 1•184x10” — — — —
* solution eliminated by SQUAD
X eo €c A €o ec
430 2130 2133 ±13 445 1630 1635 ± 4
435 1960 1937 ± 8 450 1490 1474 ± 4
440 1780 1789 ± 4 455 1360 1359 ± 3
445 1630 1640 ± 2 460 1260 1254 ± 3
450 1490 1479 ± 4 465 1170 1160 ± 5
455 1360 1363 ± 3 470 1070 1066 ± 3
460 1260 1258 ± 4 475 984 977 ± 3
465 1170 1163 ± 6 480 906 907 ± 5
470 1070 1070 ± 3 485 845 849 ± 4
475 984 980 ± 5 490 789 794 ± 4
480 906 910 ± 6 495 737 746 ± 3
485 845 851 ± 4 500 685 697 ± 4
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(ii) nmr spectroscopy
The resonance positions (5) for free antipyrine :
S (Ha) : 1.32
S (Hb) : 2.16
S (He) : 5.23
6 (Hd) : 6.94—7.55
Lo = [U (TTA) 4 ] =
(a) method (2)
Ha protons Hb protons
Number of sols 6 6
SQ (M) <SA0 **c [AB]/[B] 5Ao 5 A C [AB]/[B]
3.209x10*2
2.736X10*;
2 .2 2 1x1 0*2 
1 .8 2 2x1 0*2 
1.142x10 2 
6.163x10*
0.312
0.381
0.483
0.595
0.941
1.493
0.339
0.397
0.487
0.590
0.918
1.498
0.167
0.195
0.240
0.291
0.452
0.738
0.385
0.468
0.590
0.732
1.171
1.873
0.417
0.487
0.600
0.728
1.137
1.879
0.167
0.196
0.241
0.292
0.456
0.754
AB 2.03 ± 2% 2.49 ± 2%
K 3217 ± 25% 3932 ± 28%
log10K 3.5 3.6
—166—
vo
I
OV
CO
S
to
in
CN
CM
1 e # m
rG O i
-p H (U
•H G CM
& X •H e
P m
vi > i
0) • a • •
■P CM •H
G -p
G II G 0
•H <d «
G
Q) 0) <o
c O G 0)
0 vo •H p
-H P
-P P
0 0) a p <.rH a •H 0 Ul
0 -p <p O
M o\o G •
<d CO
0) • <o S
c VO • e
0 73 co
-p • • G to 1
0) <d G A o
Ü G 0 £ rH(d 0 S •H
•H ■p to X
c -P co •H
•H cd 1 to ’d1
73 o 0 •
<U •H rH a a m
G X 0 ».
•H 0 X ü (U II
P to ü CMo 0 G •
a o • P (d CM
•H m +J G 1 CM
-p 0) Ü 0 VO <
G -p II 0) m CM EH
< <d a 0) . • EH 73
p I to p CM O• Kj4 5 •G
CM i—i p 0) ## ■P• (d < g d 0)
CM •H EH G EH II g• Eh (d
CM •H S 0• G D •H PI cd
in H to
Hc
 
p
r
o
t
o
n
s
vo
[A
B]
/[
B] cm cji ^  vo 
h  > c^ r- cm I
CM CM CO Tf vo CO 1
o o o o o o
3.
4 
± 
5 
%
31
96
 
± 
68
%
m
co
co o > vo vo 
H co co vo co co
en CM VO CM t" I 
O O H H CM CM
<
r** vo cm ^  co
O rH CM CO m
r- en co r* h  co l
O O H H CM CM
,—,
m<—i h  m r» en vo vo cm
\ h  r- n- co vo o hCM CM co Tf vo co en
m • • • • • • •
< o o o o o o o
to o\° o\o
GO vo vo
-p VO VO r* CM f" H CO "d40 vo co h  m o m <n +1 +1 «p o O O H H CM CM CM co
a < • • • • • • • rH coto O O O O O O O CO
A . mK O CMCO CO M rH O Tf CO
vo co h  in en m en
0 O O rH rH rH CM CM
< • • • • # • •
«o O O O O O O O
m cm o m en <n o■—i h  co en cm co
\ cm cm co 'd* vo co en
m o o o o o o o
m < o\° o\o
G m0 m vo
•P vo co en co en en co m0 m o n* vo en o co +i +1 •p o H CM CM CO 'd4 vo VO co
a < •  • • • • • • ento o  o  o  o  o  o  o co
<d « co
y o co
VO O CO VO CO m CM
m o co vo vo h  o
0 H CM CM CO 'd* VO
<to o o o o o o o
to
i—i
0
to CM CM CM CM CM CO CO
4H o  o  o  o  o  o  o oO rH «H rH rH «—1 rH rH rH
y X X X X X X X m tnp r» o en m co r» r- <j « o0) co h  cm co vo m en r—1
0 vo co o un o r- h
w • • • • • • •
G CO CM CM H H r>- "d4
S5
-167-
5.2.2.3. 4-Aminoantipyrine in benzene solution
Initial rate of oxidation 0.2% per 70 minutes with
[U(TTA)4] = 4.6 x 10“3 M and [4-aminoantipyrine] - 2.2 x 10- 2 M
(i) electronic spectroscopy 
number of solutions : 6
[U(TTA)4] = 1.93 x 10-4 M
o.oi
0.01
d
X 430—485 
(nm)
X 445—500 
(nm)
N° 4-aminoanti- 
pyrine (M)
% adduct 
formation
% adduct 
formation
1 2.178x10*4 16.6 16.7
2 4.355x10*4 28.9 29.1
3 2.178X10*3 68.6 68.8
4 4.355X10*3 81.8 81.9
5 1.089x10* 92.0 92.0
6* 2.178x10-2 —— ——
* solution eliminated by SQUAD
A eO ec X eo ec
430 1970 1965 ± 6 445 1530 1508 ± 4
435 1810 1795 ± 4 450 1400 1368 ± 2
440 1660 1638 ± 3 455 1280 1259 ± 3
445 1530 1507 ± 4 460 1190 1161 ± 2
450 1400 1367 ± 2 465 1100 1072 ± 5
455 1280 1258 ± 3 470 1020 986 ± 2
460 1190 1160 ± 2 475 939 905 ± 3
465 1100 1071 ± 3 480 872 841 ± 3
470 1020 985 ± 2 485 814 784 ± 2
475 939 904 ± 3 490 757 730 ± 3
480 872 840 ± 3 495 711 684 ± 3
485 814 784 ± 3 500 664 632 ± 4
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(ii) nmr spectroscopy
The resonance positions (5) for free 4-aminoantipyrine : 
S (Ha) : 1.40 
S (Hb) : 2.14 
6 (He) : 2.53 
S(Hd) : 7.10 - 7.70 
Lq = [U(TTA)4] = 6.93 x 10“3 M
(a) method (2)
Ha protons Hb protons
Number of sols 5 5
S0 (M) 5Ao <5AC [AB]/[B] 6AC [AB]/[B]
3.090X10”2 
2.544x10 2 
2.234X10™2 
1.702x10""2 
1.063X10"2
0.693
0.800
0.946
1.205
1.795
0.684
0.824
0.933
1.202
1.796
0.219
0.264
0.298
0.384
0.574
0.581
0.673
0.795
1.015
1.522
0.574
0.693
0.784
1.013
1.523
0.219
0.265
0.300
0.387
0.582
AB 3.13 ± 2% 2.62 ± 2%
K 1640 ± 21% 1881 ± 21%
log10K 3.2 3.3
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5.2.2.4. 4-Dimethylaminoantipyrine in benzene solution 
Initial rate of oxidation : 1.5% per 60 minutes with 
[U(TTA)4] = 4 . 7  x 10”3 M and [4-dmaanti] = 2.3 x 10”2
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] = 2.22 x 10~4 M
(a) wavelength range 430-485 nm ; log10K = 1.53 ± 0.03
(b) wavelength range 445-500 nm ? log10K = 1.53 ± 0.Oik
/
.CHI
's C H 3
H5C-V0
X 430-485 
(nm)
X 445—500 
(nm)
N° 4-dimethylamino 
antipyrine (M)
% adduct 
formation
% adduct 
formation
1 2.453x10*5 0.1 0.1
2 2.453X10"4 0.8 0.8
3 2.453xlO~3 7.6 7.5
4 2.453X10"2 45.0 45.0
5 1.227x10*1 80.4 80.0
6* 2.453x10* — — —
* solution eliminated by SQUAD
X €o €c X €o €C
430 1920 1921 ± 4 445 1480 1481 ± 3
435 1760 1759 ± 4 450 1350 1354 ± 3
440 1610 1613 ± 2 455 1250 1248 ± 2
445 1480* 1481 ± 3 460 - 1170 1157 ± 2
450 1350 1354 ± 3 465 1080 1076 ± 3
455 1250 1248 ± 2 470 990 990 ± 2
460 1170 1157 ± 2 475 918 918 ± 2
465 1080 1076 ± 3 480 850 851 ± 2
470 990 990 ± 2 485 792 792 ± 2
475 918 918 ± 2 490 743 743 ± 1
480 850 851 ± 2 495 693 693 ± 1
485 792 792 ± 2 500 644 645 .± 1
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(ii) nmr spectroscopy
The resonance positions (5) for free 4-dmaanti : 
5 (Ha) : 1.69 
S (Hb) : 2.20 
S (He) : 2.85 
S (Hd) : 6.9 - 7.6 
Lq = [U(TTA)4] = 6.693 X 10"3 M
(a) method (1)
SA ppm
Number of sols . 7 7 7
S0 (M) Ha protons Hb protons He protons
4.151X10-3 0.312 0.254 0.805
6.399X10"3 0.293 0.244 0.756
1.271x10 % 0.249 0.215 0.659
1.829x10*2 0.224 0.195 0.595
2.088x10 2 0.215 0.181 0.566
2.737x10*2 0.200 0.171 0.527
3.294X10*2 0.176 0.151 0.473
AB 1.61 ± 4% 1.48 ± 4% 4.59 ± 3%
K 40 ± 6% 35 ± 6% 35 ± 5%
log10K 1.60 1.54 1.54
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5.2.2.5. 4“Dimethylaminoantipyrine in acetone solution 
Initial rate of oxidation : 0.4% per 60 minutes with 
[U(TTA)4] = 5.0 x 10”3 M and [4-dmaanti] = 2.1 x 10-2 M 
(i) nmr spectroscopy
The resonance positions (5) for free 4-dmaanti :
S (Ha) : 2.21 
S (Hb) : 2.97 
S (He) : 2.71 
S (Hd) : 7.41 - 7.48 
Lq = [U(TTA)4] = 8.5 x 10”3 M 
No shifts were observed in the resonance positions of 4-dmaanti 
by adding U(TTA)4 to its solutions.
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5.2.3. Pyrrolidinone derivatives
5.2.3.1. N-cyc1ohexy1-2-pyrro1idinone in benzene solution 
Initial rate of oxidation : 7.2% per 65 minutes with 
[U(TTA)4] = 4.6 x 10"3 M and [Nchpyro] = 2.4 x 10“2 M I L.
(i) electronic spectroscopy N
number of solutions : 6 
[U(TTA)4] = 1.98 x ICT4 M
(a) wavelength range 430-485 nm ; log10K = 3.3 ± 0.01
(b) wavelength range 445-500 nm ? log10K = 3.3 ± 0.01
X 430—485 
(nm)
X 445-500 
(nm)
N° N-cyclohexy1-2- 
pyrrolidinone M
% adduct ' 
formation
% adduct 
formation
1 6.021x10*5 8.3 8.2
2 1.204x10"; 15.7 15.5
3 6.021x10"; 51.0 50.7
4 1.204X10"3 68.0 68.6
5 6.021X10"3 92.4 92.3
6* 1.204x10" — —
* solution eliminated by SQUAD
X €o €c X €o €c
430 2030 2024 ± 2 445 1570 1557 ± 3
435 1860 1849 ± 2 450 1440 1417 ± 3
440 1710 1695 ± 3 455 1320 1302 ± 3
445 1570 1558 ± 3 460 1220 1208 ± 3
450 1440 1418 ± 3 465 1130 1116 ± 3
455 1320 1303 ± 3 470 1050 1030 ± 3
460 1220 1209 ± 3 475 960 950 ± 3
465 1130 1117 ± 3 480 894 881 ± 3
470 1050 1031 ± 3 485 829 823 ± 3
475 960 951 ± 3 490 778 768 ± 3
480 894 882 ± 3 495 728 720 ± 2
485 829 824 ± 3 500 677 672 ± 2
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5.2.3.2. 1-Benzyl~2-pyrrolidinone in benzene solution 
Initial rate of oxidation : 3.8% per 50 minutes with 
[U(TTA)4] = 4.7 x 10”3 M and [1-bpyro] = 1.9 x 10“2 M 
(i) electronic spectroscopy 
number of solutions : 6 
[U(TTA)4] =1.90 x 10“4 M
(a) wavelength range 430-485 nm ; log10K = 2.93 ± 0.01
(b) wavelength range 445-500 nm ? log10K = 2.92 ± 0.01
L
X 430-485 
(nm)
X 445-500 
(nm)
N° 1-benzyl-2-pyr- 
olidinone (M)
% adduct 
formation
% adduct 
formation
1 6.249x10-5 4.4 4.3
2 1.250x10“; 8.5 8.4
3* 6.249X10”4 — —
4 1.250X10”3 49.5 49.2
5 6.249X10”3 84.0 83.6
6 1.250x10“ 91.4 91.2
* solution eliminated by SQUAD
X €o €C X €o €C
430 2090 2084 ± 5 445 1620 1606 ± 4
435 1920 1907 ± 4 450 1480 1463 ± 2
440 1760 1746 ± 2 455 1360 1348 ± 2
445 1620 1608 ± 3 460 1260 1252 ± 2
450 1480 1465 ± 1 465 1170 1158 ± 3
455 1360 1350 ± 1 470 1080 1068 ± 5
460 1260 1253 ± 2 475 1000 987 ± 4
465 1170 1160 ± 3 480 931 914 ± 5
470 1080 1069 ± 5 485 868 855 ± 6
475 1000 988 ± 5 490 810 798 ± 4
480 931 915 ± 5 495 758 749 ± 3
485 868 850 ± 6 500 705 697 ± 3
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5.2.4. 1,3-Dimethyl-2-imidazolidinone in benzene solution 
Initial rate of oxidation : 8.6% per 50 minutes with 
[U(TTA)4] = 4.7 x 10”3 M and [1,3-dmeimdinône] = 2.7 x 10"2 M 
(i) electronic spectroscopy 
number of solutions : 7 
[U(TTA)4] = 1.950 x 10“4 M
C H
(b) wavelength range 445-500 nm ? log10K = 3.26 ± 0.01
X 430-485 
(nm)
X 445— 500 
(nm)
N° 1 ,3-dimethyl-2- 
imidazolidinone 
(M)
% adduct 
formation
% adduct 
formation
1 9.146x10*5 11.2 11.3
2 4.573x10*4 40.6 40.9
3 9.146x10*4 59.1 59.4
4* 4.573X10"3 88.8 —
5 9.146X10*3 94.2 94. 3
6 4.573X10*2 98.8 98.8
7* 9.146x10* — 99.4
* solution eliminated by SQUAD
X eO €C X €o €C
430 1920 1893 ± 3 445 1480 1467 ± 2
435 1760 1734 ± 3 450 1360 1333 ± 3
440 1620 1588 ± 4 455 1250 1221 ± 2
445 1480 1464 ± 4 460 1160 1137 ± 3
450 1360 1330 ± 5 465 1080 1053 ± 2
455 1250 1220 ± 3 470 1000 970 ± 1
460 1160 1135 ± 5 475 918 894 ± 2
465 1080 1051 ± 4 480 851 830 ± 2
470 1000 968 ± 4 485 795 777 ± 2
475 918 892 ± 4 490 744 723 ± 2
480 851 829 ± 3 495 697 676 ± 6
485 795 775 ± 3 500 651 631 ± 3
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5.2.5. Water in acetone solution
(i) nmr spectroscopy
The resonance positions (6) for free H20 : 
6(H) : 2.717 
Lq = [U(TTA)4] = 1.89 x 1(T2 M
(a) method (1)
6A ppm
Number of sols 7
SQ (M) Ha protons
5.590x10"! 
4.499X10"! 
3.403X10"! 
2.303X10"! 
1.751X10"! 
1.199X10"! 
6.450x10"
1.083 
1.283 
1.550 
1.833
2.083 
2.333 
2.750
AB 46.8 ± 3%
K 4.0 ± 5%
log10K
VOo
(b) method (2)
Number of sols 7
S0 (M) ^ o 5AC [AB]/[B]
5.590x10"! 
4.499x10"! 
3.403X10"! 
2.303x10"! 
1.751x10"! 
. 1.199x10"! 
6•450x10"
1.083 
1.283 
1.550 
1.833
2.083 
2.333 
2.750
1.111
1.281
1.512
1.844
2.072
2.360
2.739
0.023
0.027
0.032
0.038
0.043
0.049
0.057
AB 48.1 ± 2 %
K 4 ± 5 %
logioK 0.6
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6 .1 .  Reliability O f Results.
As mentioned previously(chapters) under certain conditions 
evidence of oxidation of U(TTA)4 solutions in benzene and acetone 
was found. To minimize the effect of oxidation on the observed 
equilibrium constant(K) experiments were carried out under 
conditions where oxidation was least favoured.
6 .1 .1 . Electronic Spectroscopy
For the electronic spectroscopic experiments this involved the 
use of low ligand concentrations and the spectra were obtained 
within half an hour of the preparation of the solutions. Both 
uranium (IV) and uranium (VI) absorb over the wavelength range 
used(400-500nm) as shown in Figure(6-1). The absorption maxima 
and shoulders observed in the uranium(VI) spectrum are ty p i c a l W 
of uranyl complexes [U02L2] i n  which the ligands L are 
coordinated in a plane perpendicular to the linear U022+ uranyl 
ion. Since U (VI) is f° these transitions are weak electron 
transfer t r a n s i t i o n s c o u p l e d  with several vibrational 
frequencies. Since as the ligand concentration was increased, 
evidence for oxidation was observed in some cases(chapter 3 ), 
data from such spectra were not used in the calculations of K.
Under these conditions values for K and the extinction 
coefficients(e) calculated using SQUAD were found to have small 
standard deviations (typically triethylphosphate in benzene, see 
section 5.2.1.1) showing that oxidation is having little or no 
influence on the refinement and therefore on the reliability of 
the computed values of K.
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The values of extinction coefficients of the U(TTA)4 
solutions(ec) calculated using SQUAD and the observed values(e0) 
calculated using the Beer-Lambert equation were found to be in 
good agreement(see 5.1.1.1)-usually differing by no more than 2%. 
This difference could be accounted for by taking into 
consideration the experimental error involved in obtaining the e0 
and ec values. The experimental error comprises weighing, 
dilution and instrumental errors and any impurities present in 
the reactants. It is difficult to estimate the true overall 
error. It has been suggested (3 ) that the true error after 
allowing for systematic experimental error is likely to be at 
least twice as great as the calculated standard deviations. In 
these terms the agreement between calculated and experimental 
extinction coefficients is very good which increases confidence 
in the log-j^K values. As far as spectrophotometric error is 
concerned, the minimum uncertainty in any absorbance measurement 
was ±0.002 which, for an absorbance of 0.2 00 would produce a 
value of €o=200±2 dm2cm ^mol ^ for a solution concentration of 
IxlO"3 mol.dm”3 and l=lcm. Since SQUAD treats all of the 
absorbance data simultaneously agreement at a 2% level across the 
wavelength range might be as good as could be anticipated from 
the experimental data.
Values of log10K were obtained at different wavelength ranges 
(see for example 5.2.2.3). Agreement between log10K and ec and 
eo values was good. In addition, experiments at different 
initial U(IV) concentration were carried out in some cases, such 
as, TEP, TBP and 4-picoline. The values of log10K obtained at 
both initial concentrations of U(TTA)4 were in good agreement
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(see sections 5.2.1.1, 5.2.1.3 and 5.1.1.3 respectively), and 
satisfactory agreement between ec and eQ was also obtained.
From the results obtained, it would appear that the
spectrophotometric method reliably calculates K in the range 10- 
1000 in this system where only one complex is forming, thereby, 
one equilibrium constant(K) is refined from SQUAD.
In a system
A + nB <..^ ABn
if n=l, then a plot of ATxBT/ Ag against AT+BT will be linear^*) 
(At= total concentration of A, BT= total concentration of B, Ag= 
measured absorbance at a given wavelength minus eAAT where eA= 
extinction coefficient of A at the same wavelength at which B 
does not absorb) . This behaviour was found for TEP and U (TTA) 4 
from the results listed in section 5.2.1.1 at the wavelength 
450nm[Figure(6-II)]. Although these plots are not reliable as 
SQUAD for the measurement of the equilibrium constant, the 
observation of a straight line justifies the consideration of the 
formation of one complex only within the likely experimental 
errors.
Similarly at low ligand concentrations where oxidation of U(IV) 
to U (VI) was small, SQUAD would only refine one constant. 
Whereas, where noticeable oxidation was present all methods for 
the determination of the equilibrium constants become unreliable. 
As mentioned previously data obtained from solutions containing 
high ligand concentrations were not used to find log10K.
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6.1.2. NMR spectroscopy
Solutions with relatively high concentrations of U(TTA)4 for the 
nmr spectroscopic experiments were used and the spectra of most 
of these solutions were obtained within half an hour of the 
preparation.
Under these conditions attempts were made to calculate the 
equilibrium constant K and AB using both PPDNMR1P and the 
graphical method (chapter 2). However, for several ligands values 
of K and AB could not be refined. For example 1,3-dimethyl-2- 
imidazolidinone in benzene solution (see 5.2.4).
For a number of other ligands, K could not be refined 
satisfactorily but values of A B  with small standard deviations 
could be obtained. For example, with 1-benzylimidazole in 
benzene solutions, values of K and AB derived from the observed 
shift in the 1H nmr spectrum of the methylene group from the same 
experiment calculated by the two different methods were 
K=13948±17%, AB=8.6±3% (graph method) and K=47915±98%, AB=8.3±2% 
(PPDNMR1P), and from two different experiments calculated by the 
same method(PPDNMR1P) were K=47915±98%, AB=8.3±2% and
K=67674±116%, AB=8.2±2%.
The inability to obtain satisfactory values of both or either K 
and A B  could be in part attributed to the oxidation of 
uranium(IV) to U (VI). For several ligands[eg, 4-picoline and 
1,3-dimethyl-2-imidazolidinone], clear evidence of this oxidation 
was provided by the appearance of new resonances [Figure(6-III)]
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and shift in the existing ones in the nmr spectra of the 
U(TTA)4 solution.
All the ligands which failed to produce refined values of K, did, 
however, give reliable values from the electronic spectroscopic 
method. This may possibly be attributed in part to the high 
ligand concentration used in the nmr experiments. The experiments 
carried out using the electronic spectroscopic method showed that 
solutions containing ligand concentration in the range used in 
the nmr experiments (10”2-10™^. dm”3) were more liable to 
oxidation. Although the U(IV) concentration was higher in the 
nmr experiments (shown in chapter 3 to lower the rate of 
it is apparent that the effect of increasing the 
liçf^nd concentration is greater than the effect of increasing the 
U(IV) concentration in these experiments.
The methods used for calculating the equilibrium constants K 
depend on a knowledge of the total U(IV) concentration which is 
assumed to remain constant throughout the experiment. Any 
will lead to a lowering of the U (IV) concentration and 
hence affect the calculation. It is also apparent that the nmr 
method is more sensitive to the presence of U(VI), whereas in the 
electron spectroscopic method the large n values for U(IV) may 
mask small amounts of U(VI).
Finally, due to the cost of dg-benzene and dg-acetone the number 
of experiments done was limited and the quantities used were 
small and as a result the associated experimental error in the 
nmr experiments was greater than that of the electronic
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spectroscopic experiments. To improve this error, more 
exploratory work needs to be done. This work includes:
(i) finding a 6-diketone complex soluble in a cheap solvent such 
as CC14 or CS2 which contains no 1H and so does not need 
deuteration.
(ii) getting more data by studying a larger number of solutions 
with constant concentration of U(IV) complex and variable 
concentrations of the ligand as well as conducting an experiment 
with solutions having fixed concentration of the ligand and 
various concentrations of U(IV) complex.
6.1.3. Use Of Nitrogen Line And Nitrogen Box
An attempt was made to improve the results obtained from the nmr 
method by reducing the rate of oxidation of U(IV) through the 
exclusion of oxygen. The U(TTA)4 solution and the ligand 
solution were deoxygenated using the nitrogen line(chapter 3). 
The nmr samples were then prepared in an oxygen free atmosphere 
using the nitrogen box. The first ligand used was 4-toluidene. 
The K value of this ligand obtained by the preparation of the nmr 
solutions under a nitrogen atmosphere, was in good agreement with 
those(section 5.1.2.1) obtained from both electronic and nmr 
spectroscopic methods under atmospheric oxygen. These values are 
shown in Table(6-1). The procedure was repeated with 1,3- 
dimethyl—2—imidazolidinone . In the presence of atmospheric 
oxygen, values of K and AB could not be obtained from the nmr 
spectroscopic method and the 1H spectra of U(TTA)4 solutions 
containing this ligand showed the appearance of some resonances 
which were thought to indicate the presence of U(VI) . When the
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experiment was carried out under nitrogen these resonances 
disappeared, indicating that the level of oxidation had been 
reduced. However, a value of K could now be obtained from one of 
set of protons only and this value did not agree with that 
obtained from the electronic spectroscopic method. These values 
are shown in Table (6-II) . The most likely reason for this lack 
of agreement is that oxidation of U(IV) is still occurring but 
the sensitivity of the nmr spectrometer is not great enough to 
trace the weaker resonances of the smaller amounts of the U (VI) 
complexes. From these results it was concluded that the use of 
nmr samples prepared under a nitrogen atmosphere did not greatly 
improve our ability to calculate a value of K in cases where this 
value could not be calculated in air.
Table f6-1): log10K and AB for 4-toluidine
electronic
spectroscopy
i
(PPI
Hb
imr £
dnmr:
Hc
sped
LP)
Hd
:ros<
(ni-
Hb
:opy
:rog<
Hc
sn)
Hd
logioK 1.1 ± 0.02 0.9 1.0 1.1 - 1.0 1.0
AB —— 96 2.5 12 - 2.3 13
Table (6-II): log-j^K and AB fori,3-dimethyl- 
2-imidazolidinone
electronic
spectroscopy
nmr
spectroscopy 
under nitrogen
log10K 3.26 ± 0.01 (Hb) 3.85
AB — (Hb ) 7.83
The values of log^K obtained from both nmr and electronic 
spectroscopic methods together with pKa values for most of the
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ligands are summarized in Table(6-III). It can be seen from this 
table that log10K for the reaction between U (TTA)4 and water in 
acetone and water is about 0.6, and as the acetone(AR) used in
our experiments has about 0.2% water(chapter 3), any acetone
solution of U(TTA)4 has about 9% of its initial U(TTA)4 as 
U(TTA)4.H20.
In the cases where K values for some of the ligands in acetone
were measured, these values were found to be smaller than those
obtained from benzene. In some cases the K value in acetone is 
ten times smaller than that in benzene, as for 4-picoline. By 
assuming that this was the case with water, a value as high as 40 
might be found for K for the reaction between U (TTA) 4 and water 
in benzene. The benzene(AR) used in our experiments was 
saturated with water(contains 0.04%-chapter 3) which would mean 
that in a benzene solution 89% of the total U(TTA) 4 (IxlO""3 
m.dm“3) used is present as U(TTA)4 .H20, and as a result a benzene 
solution of U(TTA)4 should give an electronic spectrum of a 9- 
coordinate complex. However, the spectrum obtained for that 
solution[Figure(3-VI)] showed that U(TTA)4 in benzene was 8- 
coordinate. At the same time the electronic spectrum for 
U(TTA)4.3-chloroaniline, which has the smallest K in 
benzene(about 6) within the studied ligands, indicates that this 
adduct is 9-coordinate(Figure 6-TV).
As a conclusion, it can be said that K for water in benzene must 
be smaller than 6 and therefore less than 13% of the initial 
U(TTA)4 in the solution is present as U(TTA)4 .H20.
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The log10K value for the reaction between U(TTA)4 and 4-picoline 
was measured in dried benzene(«0.005% H20) using the electronic 
spectroscopic method. Values of log10K=2.49±0.02 in the range 
430-485nm and log10K=2.44±0.03 in the range 445-500nm with 
[U(TTA)4]=1.756x10 ^m.dm 3 were obtained. By comparing these 
results with the results obtained for the same ligand in wet 
benzene (section 5.1.1.3) , it can be seen that the presence of 
water and therefore U(TTA)4 .H20 in the benzene solutions of 
U(TTA)4 has no effect on the K values obtained.
Finally, comparison of the values of log10K in benzene obtained 
using both methods shows them to be in a good agreement, which is 
a further indication of the reliability of these data. Since 
1 0 9 iqK values from the electronic spectroscopic experiments in 
benzene were obtainable for all the ligands used with small 
standard deviation, these values are used in further discussion. 
It is also necessary to mention here that the pKa values listed 
in Table(6-III) was measured in water at 25°C and I— unless 
otherwise stated.
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Table (6-IIIV:
log10K (in benzene) log10K (in acetone)
nmr electron nmr
ligand spectroscopy spectro­ spectroscopy
PPDNMR1P graphic scopy PPDNMR1P graphic
3,5-lutid- 
ine
2.41-2.48 2.13-2.20 2.37±0.01 
2.33±0.01
1.83-1.61 1.76-1.64
4-picoline * * 2.4710.01
2.4410.01
1.58-1.54 1.56-1.45
pyridine * * 1.9810.01
1.9810.01
Ï1 il
3,4-lutid- 
ine
$ $ 2.4410.02
2.3110.01
$ $
2-picoline $ $ 0.7910.01 
0.8310.01
$ $
2,4,6—col­
lidine
$ $ 0.8910.01
0.9410.01
$ $
4-toluid-
ine
0.9-1.04 1.0-0.8 1.1510.02
1.0910.01
Ï1 il
aniline il ïl 0.7310.04
0.7410.02
n il
3-chloro-
aniline
$ $ 0.4610.06
0.7610.07
$ $
1-methyl- 
imidazole
2.4 ? 3.01-2.95
?
3.8910.01
3.8910.01
2.2-1.9 $
1-benzyl-
imidazole
4.68-4.83 
7
4.15 ? 3.4810.04
3.7410.03
$ $
1,2-dimeth 
ylimi­
* * 3.0810.01
3.0810.01
$ $
dazole
l-benzyl-2 
-methylim­
$ $ 2.810.01
2.810.02
$ $
idazole
2,2'-bipy- 
ridyl
0.9-2.04
?
4.9-6.2 
?
1.3110.02
1.1710.02
$ $
pKa
6.17
6.03
5.23
6.46
5.95
7.43
5.08
4.63
3.46
7.06
6.7"
6.3"
7.6"
7.1"
4.32
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Table (6-IXI) (continue)
log10K (in benzene) log10K (in acetone)
ligand
nm
spectr
PPDNMR1P
r
osçopy
graphic
electron
spectro­
scopy
nm
spectr
PPDNMR1P
r
oscopy
graphic
AH°
triethyl­
phosphate
2.59-2.62 2.65-2.79 3.13±0.01 
3.13+0.01
2.03-2.13 2.17-2.25 -
tributyl-
phosphate
$ $ 3.18±0.01 
3.10+0.01
$ $ —
dibutylbu-
tylphosph-
onate
$ $ 4.0±0.01 
4.0±0.01
$ $ —
antipyrine 3.9-3.6 $ 3.95±0.01 
3.95+0.01
3.50-3.40 $ 129
4-amino­
ant ipyrine
3.2-3.3 $ 3.03±0.01 
3.03±0.01
* * -
4-dimethyl 
aminoanti- 
pyrine
* 1.60-1.54 1.53±0.01 
1.53±0.01
H U 115
N-cyclohe-
xylpyroli-
dinone
* * 3.3±0.01 
3.3±0.01
$ $ 112
l-benzyl-2 
-pyrolidi­
none
* * 2.93±0.01 
2.92+O.OÎ
* * 106
1,3-dimet­
hyl imidaz­
olidinone
* * 3.28±0.01 
3.20±0.01
$ $ 99
water $ $ * 0.6 0.6 -
* log10K could not be refined from the observed shifts obtained, 
ii no shift was observed in the substrate resonances.
$ no attempt was made to calculate log10K.
? unreliable values of log^K.
" values obtained experimentally from potentiometric titration 
in a mixture of water and absolute ethanol(40:5) at 25eC,(pKa). 
A H 0 (see reference 6, section 6.3).
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6 .2 .  Relationship Between pKa o f The Nitrogen Bases And looK.
A direct relationship between the pKa values of the ligands and 
the log10K values derived experimentally was expected. This was 
found to be true in general. However, some anomalous results 
were obtained. These were attributed to the effect of steric 
hindrance.
Pyridine derivatives. In the case of the pyridine group of 
compounds, it can be seen from Table(6-III) that 3,5-lutidine, 4- 
picoline, and 3,4-lutidine all having similar pKa values showed 
no significant variation in log10K values. Pyridine, having a 
much lower pKa value, was found to have a much lower log10K 
value. 2-Picoline, having a pKa value between that of pyridine 
and the three compounds mentioned previously might be expected to 
show a similar behaviour in the log10K value. The value obtained 
was, however, much lower than that of pyridine. This was 
attributed to the steric hindrance caused by the 2-methyl group. 
This effect is further shown by the results obtained for 2,4,6,- 
collidine which, although having the highest pKa value, was found 
to have a log10K value similar to that of 2-picoline. The 
introduction of a 2-methyl group adjacent to the heterocyclic 
nitrogen atom in either the pyridine or imidazole series appears 
to reduce the log^gK value by between one and two orders of 
magnitude. For two methyl groups adjacent to nitrogen as in 
2,4,6-collidine the reduction in log10K is in excess of two 
orders of magnitude ? this was one of the strongest bases studied 
(pKa 7.43) yet log10K was similar to that of the weakest bases 
(3-chloroaniline, pKa 3.46; aniline, pKa 4.63). This result is
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entirely in keeping with the crowded structure of U(TTA)4 [Figure 
(6-V)]. The addition of a ninth coordinating ligand atom can 
thus be prevented by the weakness of the base (e.g, 4-
nitroaniline, pKa 1.02) or diminished by steric hindrance. In 
the protonation of the bases in water no hindrance is apparently 
observed.
2,21-Bipyidvl. In order to investigate steric hindrance further 
and the addition of a bidentate base to give a (potentially) 10- 
coordinate complex, experiments with 2,2*-bipyridyl(pKa, 4.32) 
were attempted. This ligand does not add a second proton except 
in highly acidic media but is well-known as a bidentate ligand in 
coordination chemistry. From changes in the electronic spectrum 
(benzene solution) log1QK=1.31 was calculated (section 5.1.1.9). 
SQUAD gives no indication of the number of atoms coordinated from 
a given ligand. The value of log^gK is higher than that expected 
for a hindered monodentate pyridine base. There are no known 10- 
coordinate adducts of U(TTA)^. With the bidentate 2,2'-bipyridyl, 
one of the oxygen atoms from a TTA ligand would need to be 
detached and a very much larger value of log10K would be 
expected. Bidentate coordination of 2,2'-bipyridyl is thus very 
unlikely. In order to probe the mode of coordination further 1H 
nmr experiments were undertaken. These produced unusual (and 
inexplicable) results. Very small induced shifts were observed 
and although the fit was poor (section 5.1.1.9) A B  for the a- 
protons(Hd) adjacent to nitrogen was found to be less than 2 ppm, 
whereas that for the equivalent protons in 3,5-lutidine was about 
31 ppm. A small value of AB implies long U....H distances and 
hence a long U....N bond length. Since log10K (as measured from
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the electronic spectrum) was not noticeably small, a long U....N 
bond length seems unlikely. Overall the results for this ligand 
are not consistent and much further work is required.
Aniline derivatives. The relationship between pKa values and 
log10K values is more straight forward in the case of the aniline 
group of compounds [Table (6-III)] where log10K increases with 
increase of pKa values. This is due to the absence of steric 
hindrance around the -NHg group. 4-Toluidine, having the highest 
value of pKa(5.08) within this set, has the highest value of 
logioK, whilst 3-chloroaniline, which is the second weakest base 
studied has the smallest value of log10K taking the mean of the 
two values obtained (about 0.60) from two different ranges of 
wavelength.
Although 4-picoline and pyridine have similar values of pKa, a 
noticeable difference in log10K values obtained from these 
ligands can be observed. This can be attributed to the fact that 
4-toluidine is a larger molecule than pyridine which may have 
prevented it from reaching the metal ion in the U(TTA)4 complex.
Imidazole derivatives. The pKa values for the imidazole group of 
compounds were measured in a mixture of water and absolute 
ethanol (40:5) by potentiometric titration. The pKa values for 
1-methyl-imidazole obtained from the literature (7.06, water, 
250C, 1=0 .1 6 ) (5) was compared with the one obtained 
experimentally (6.7) and the difference between the two values 
(about 0.3) was taken into consideration for the overall 
comparison. 1-Methylimidazole and 1-benzyTimidazole have similar 
values of pKa and as a result lead to similar values of log10K.
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Since 1,2-dimethyl imidazole is a stronger base than 1-methyl and 
1-benzylimidazole, it would be expected to give a higher value of 
log10K than those obtained from previous ligands. But as 
mentioned earlier the introduction of a methyl group at position 
(2) has lowered the value of log10K for it by at least one order 
of magnitude.
l,2-Dimethylimidazole and l-benzyl-2-methylimidazole have similar 
values of pKa and both have a 2-methyl group adjacent to the 
heterocyclic nitrogen atom, therefore, similar values of log10K 
were obtained from both of them.
From AB values for the imidazole ring protons in the imidazole 
compounds studied, it can be proved, as anticipated, that the 
nitrogen atom in the 3-position appears to coordinate to 
uranium(IV) with substituents in the 1-position giving no steric 
hindrance.
Conclusion. The relationship between the pKa value and the 
logioK value can be applied between the classes of nitrogen 
donors studied. For example, it can be seen from Table(6-III) 
that 4-picoline having a pKa value of 6.05 has a higher log10K 
value (about 2.5) than that of aniline (log10K»0.75, pKa=4.63)
and a lower value than that for 1-methylimidazole (log10K»3.9, 
pKa=7.06).
From this study, it can be observed that the log10K value for the 
equilibrium between the nitrogen donor ligands and the 
uranium(IV) complex increases with the increase of pKa value
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unless steric hindrance at the nitrogen atom has a lowering
effect on the log10K value. • •
6 .3 .  Relationship Between Basicity Of Oxygen Donor 
Liaands And loaK.
Enthalpies of complexation of some of the oxygen donor ligands 
used in our work with boron trifluoride, -AH6BF3 (KJmol”1), were 
m e a s u r e d i n  CHgClg at 298.15 K and 1 atm corresponding to the 
reaction:
BF3 (g) + :B(soln) ----► B:BF3 (soln)
These values were used as a measurement of the basicity of these 
compounds. -
It can be seen from Table (6-III) that the relationship between 
the basicity and log10K for oxygen donor ligands is applicable. 
In the case of pyrrolidinone compounds, l-benzyl-2-pyrrolidinone 
having a -AH° BF3 value of about 106 kJmol”1, has a log10K value 
of 2.93±0.01. By comparing the benzyl group with cyclohexyl in 
the 2-position, the -AH0 value dropped to about 112kJmol“1 and as 
expected the log10K value increased 3.30±0.01.
In the case of antipyrine and its derivatives, antipyrine and 4- 
dimethylaminoantipyrine have values of - AH°=129 and 115 kJmol”1 
respectively and a value between these two is expected for 4- 
aminoantipyrine(difficult to measure ^  due to self association). 
It was found that log10K values for this set of compounds 
decrease with the decrease of -AH0 values. The decrease of the 
log10K values for 4-aminoantipyrine and 4-dimethylaminoantipyrine 
was larger than expected from their basicity. This can be 
attributed to the introduction of large groups in the 4-position
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which caused steric hindrance around the carbonyl group. As 
dimethylamino is a larger fragment than the amino group itself, 
more steric hindrance at the carbonyl group was caused by it and 
therefore a much smaller value of log10K was obtained from 4- 
dimethylaminoantipyrine than from 4-aminoantipyrine. This effect 
could be seen again [Table(6-III)] by comparing the log10K value 
for 4-dimethylaminoantipyrine with that of N-cyclohexyl-2- 
pyrrolidinone which have similar values of - AH° but very 
different values of log10K.
For l,3-dimethyl-2-imidazolidinone which has a AH° value of about 
99kJmol-1 and a value of log10K of 3.2810.01 was obtained. It was 
not possible to compare this value with any of the previous ones 
because of its very different structure compared to the others.
The A B  values for these carbonyl compounds confirm in each case 
that coordination takes place through the oxygen atom as 
expected.
For organophosphorus compounds, the basicity will increase with 
increasing number of direct carbon-to-phosphorus bonds in the 
molecule. The more electronegative alkoxy group decreases the 
availability of electrons on the phosphoryl oxygen, the molecule 
thereby becoming a weaker donor. The order of basicity in 
organophosphorus compounds thus follows the order:
phosphine oxides > phosphinates > phosphonates > phosphates 
Therefore, triethylphosphate and tributylphosphate having similar 
basicities, have similar values of log10K. However, dibutyl 
butylphosphonate has a higher basicity and therefore has a larger 
value of loglOK. The values of log10K obtained here for DBBP,and
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TBP [Table(6-III) ]. are similar to those obtained by Patil et 
al^8) for TBP(«3.04) and Ramakrishna et al^  for DBBP(«4.04).
Finally, it is noticeable from Table(6-III) that both nitrogen 
and oxygen donor ligands are able to give relatively large 
equilibrium constants for their reaction with U(TTA)4 depending 
on the availability of the lone pair of electrons on the donor 
atom and the ability of the U (IV) complex to accommodate the 
donor ligand.
6 .4 . Relationships Between Shift Data. Shift Mechanism 
And Structure.
As mentioned previously, in chapter 2, ratios of AB have been 
calculated for each pair of protons in some of the substrate 
molecules used in this study by using the axial symmetry 
expression
AB a (3Cos26-l)/r3 
where 9 and r were measured from the crystal structure data for 
l-methylimidazole(10), 3,5-lutidinef11), 4-toluidine(12),
triethyl-phosphate(13), and antipyrine( ) and diagrams of most
of these molecules were drawn in Figures(6-VIa,b,c,d).
From Tables(1-VII) and (1-VIII) , it can be seen that U  S,
where S is either nitrogen(N) or oxygen(0), varies between 2.3 
and 2.6A°.
A  B ratios for protons in 1—methylimidazole were calculated 
assuming three different bond lengths of U...,N(2.3,2.45,and 
2.6A 0) [Table(6-IV)]. There was no significant difference in the
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AB ratios obtained from the using the three U....N values, 
therefore the U....N bond length 2.45A0 was used as an average 
value in the further calculations.
The calculated ratios and the ratios obtained experimentally with 
either the chemical shifts k or AB values for the protons under 
study, are listed in Table(6-V). It can be seen from this table 
that the numerical agreement between the calculated and 
experimental ratios is poor but they agree in their order for 
each each set of protons within each substrate.
Table (6-IV): Calculated AB ratios for 1-methylimidazole with 
various U  N bond length.
U --- N
(A° )
]
Ha
r (A° 
Hc Hd
<
Ha
) (°) 
Hc Hd
calcul
Hc :Ha
.ated AB 
Hd :Hc
ratios
Hd :Ha
2.30 :16.68 5.36 3.40 20.0 19.0 36.2 1.964:1 2.182:1 4.300:1
2.45 6.83 5.50 3.50 20.0 13.0 35.0 2.120:1 2.182:1 4.600:1
2.60 7.00 5.68 3.65 19.0 13.0 34.5 2.060:1 2.080:1 4.300:1
Table (6-V): Calculated and experimental AB ratios of 
some substrate.
(a) 1-methylimidazole(l-meim)
A1
Ha
3 vali 
Hc
ies
Hd
Cc
Hc :Ha
ilcula'
Hd :Hc
AB ] 
:ed
Hd :Ha
ratios
exi
®c :^ a
Derimei
Hd :Hc
ital
Hd :Ha
9.8 12.0 16.8 2.1:1 2.2:1 4.6:1 1.2:1 1.4:1 1.7:1
(b) 3,5-lutidine(3,5-lut)
A]
Ha
3 vali 
%
ies
Hc
calcul 
Hc • Ha'
AB r< 
Lated 
JHc :Hb
itios
exper:
Hc :Ha
Lmenta
Hc :Hb
6.4 8.0 31.3 6.2:1 2.8:1 4.9:1 3.9:1
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(c) 4-toluidine(4-toi)
AI
Hb
3 vali 
Hc
ies
Hd
Cc
Hb :Hd
ilcula*
Hb :Hc
AB ] 
:ed
Hd :Hc
ratios
ext
Hb :Hd
Derimei
Hb :Hc
ital
Hd :Hc
96.0 11.6 2.5 12:1 30:1 2.5:1 8.3:1 38:1 4.7:1
Table (6-V)
(d) triethylphosphate(TEP)
AB value A B  ratios
calculated experimental
Ha Hb Hb :Ha Hb :Ha
3.3 9.8 2.86:1
1.97:1
2.97:1
(e) antipyrine(anti)
Si
Ha
 ^vali 
Hb
ies
Hd
AB ra- 
calculated
Hb :Ha
:ios
experimental
Hb :Ha
2.04 2.5 5.6 1.02:1 1.28:1
The contact shift will decrease(15) with increase in the number 
of bonds between the paramagnetic centre and the proton under 
consideration. The order of AB values can be predicted, and the 
order of these values of each proton is listed in Table (6-VI) 
along with the expected order of the values predicted assuming a 
pseudocontact shift mechanism. The pseudocontact shift depends on 
the distance and polar angles (6, 0, r) between the paramagnetic 
ion and the proton under study.
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Generally, from Table (6-VI) , it can be noticed that if the 
contact shift decreases, the pseudocontact shift will too. The 
only exceptions found were : (i) in 3,5-lutidine where the
contact shifts for Ha and protons should be very similar but 
smaller than that for Hc protons while the pseudocontact shifts 
decreases in the order Hc>Ht)>Ha . The AB(HC) , AB(Hb ) , and AB(Ha) 
values[31.3, 8.0, and 6.0 respectively) were found to fit with
the pseudocontact shift model and therefore the ratio Hc :Ha is 
larger than Hc :Hb , (ii) in antipyrine, the contact shifts for Ha 
and Hb protons should be similar as should the pseudocontact 
shifts for the same protons. The contact shifts for protons 
should be smaller or equal to those of Ha and Hb protons, but 
the pseudocontact shift for protons should be greater than 
that for Ha and Hb protons. The maximum chemical shift values(5a)' 
obtained for antipyrine [Table(6-V) ] shows that 5A(H^) is much 
greater than SA (Ha) and <SA(Hb). This behaviour leads to the 
suggestion that the chemical shift in this system is dominated by 
the pseudocontact shift.
Table (6-VI): The order of AB values of each proton predicted
from contact(C) shift and the expected values from 
pseudocontact(PC) shift.
Ligand The order of L 
C shift
IB values from 
PC shift
1-meim 
3,5-lut 
4-tol 
TEP 
anti
Hd > Hc > Ha
Hc > Ha “ Hb
Hb > Hd > Hc 
Hb > Ha
Ha » Hb > Hd
**d > Hc > Ha 
Hc > Hb > Ha 
Hb > Hd > Hc
Hb > Ha 
Ha « Hb < Hd
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The overall information obtained from this study cannot give a 
certain conclusion on whether the chemical shift caused by the 
paramagnetic U(IV) ion is mainly contact or pseudocontact. The 
disagreement between the calculated and experimental aB ratios 
does not mean that the assumption of the pseudocontact shift 
being more important in this system is rejected, because (i) the 
calculated ratios rely on a model which ignores the polar angle 0 
(the axial symmetry assumption), (ii) the values of S A (and 
therefore AB) cannot be found for all the substrate protons in 
some cases either because of the complexity of the spectra or 
line broadening and (iii) the lack of 13C nmr data. A full 
analysis based on and 1^C data using the methods of Abraham
et a l might lead through a least minimisation procedure both 
to an accurate structure assignment and a realistic distinction 
between the contact and pseudocontact shift mechanisms in terms 
of the degree of fit between calculated and experimental shifts. 
The method of Abraham(16  ^ allows the values of r, 9, and <p and
internal substrate bond lengths and angles to be varied. In
order to carry out the analysis the system needs to be "over-
determined” as in the case of SQUAD. In other words there needs 
to be fewer independent structural variables than there are
experimental shift data. This requires both and 13C nmr data.
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Fig (6-1) Absorption spectra of U(IV) and U(VI).
(a) U (TTA)4 in benzene solution.
(b) U02 (TTA)2 in benzene solution.
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Fig (6-III) nmr spectra of
(a) TMS, 5=0 ppm.
(b) Free 1,3-dimethyl-2-imidazolidinone in dgbenzene.
(c) Free U(TTA)4 in d6-benzene.
(d) d6-benzene.
(e) U02 (TTA)2 in dg-benzene.
(f) & (h) U(TTA)4 in dg-benzene after the addition of
1,3-dimethyl-2-imidazolidinone and 4-pico- 
line respectively. Note the appearance of 
new resonances in the range 6-7 ppm and the 
shift in the existing ones.
(g) Free 4-picoline in dg-benzene.
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Fig (6-IV) Absorption spectra of U(TTA), in benzene and varying 
concentration of 3-chloroaniline.
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Fig (6-V) Molecular structure of U(TTA)4
—206—
Fig (6-VIa) Diagram of 1-methylimidazole. 1,2,4, and 6 are 
carbon atoms. 3 and 5 are nitrogen atoms. 
(2cm=A°).
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Pig (6-VIb) Diagram of 3,5-lutidine. 1,2,3,4,5, and 6 are 
carbon atoms. 7 in a nitrogen atom.
(2cm=A°)
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Ha
r 6
Fig (6-VIc ) Diagram of 4-toluidine. 1 is a nitrogen atom 
2,3,4,5,6,7, and 8 are carbon atoms.
(2cm=A°)
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1o
Hd
Fig (6-VId) Diagram of antipyrine. 1 is an oxygen atom. 5 and 6 
are nitrogen atoms. 2,3,4,7,8,9,10,11,12,13, and 14 
are carbon atoms.
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6.5. Overall Conclusions.
6.5.1. Determination Of Equilibrium Constants
This study has demonstrated for the first time that electronic 
spectroscopy in conjunction with a sophisticated computer 
analysis can be used to find reliable values of log10K for 
uranium(IV) complex formation in non-aqueous solution provided 
care is taken to reduce the effect of oxidation. The method, 
once established, is straightforward and the results obtained 
demonstrate the use of uranium(IV) as a possible model for 
plutonium(IV). An extension of the programme should be to 
aqueous solutions where U(EDTA)(H20)2 is suggested as a likely 
starting point. The nmr method would seem to provide less 
reliable values of log10K.
6.5.2. NMR Studies
The H nmr study demonstrated that useful, shifted spectra can 
be obtained in the presence of uranium(IV) with little line 
broadening in most cases. In every case studied the nmr results 
very clearly indicate which substrate donor atom is coordinated 
to uranium(IV). This important result could be extended to a 
wider range of substrates in both aqueous and non—aqueous 
solutions. The analysis of the spectra gives values of AS (the 
bound chemical shift) with small standard deviations in many 
cases. Even when reliable AB were unobtainable, the spectra can 
be used to readily distinguish the coordinating substrate atom.
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The potential value of 13C nmr data in both structure 
determination and the analysis of shift mechanism has been 
pointed out.
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